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Limit equilibrium and stress-strain finite difference 
methods were used to assess the effect of abandoned 
underground workings on pit slope stability of the Northern 
Belle pit, Candelaria mine. Excavation into hillslopes 
containing networks of drifts, stopes, and adits was 
simulated for a site specific, as well as generalized, slope 
analysis.
Results indicate that the presence of abandoned 
workings near slope face contributes to significant tensile 
and shear stress development within the relatively weak rock 
units present. Isolated bench failure, rock topples, and 
ravelling of slopes in response to these stresses may be 
expected during excavation operations. Overall slope 
instability does not appear to be greatly effected by the 
known distribution of abandoned workings. Instability of 
overall slopes was found to be controlled primarily by fault 
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Most conventional applications of slope stability 
analysis to rock slopes assume potential failure paths will 
pass through predetermined planes of weakness within the 
rock mass or, if sufficiently weak, through the rock matrix 
itself. In the case of the Northern Belle pit, Candelaria 
Mine, the presence of numerous abandoned underground tunnels 
and stopes presently complicate such routine slope stability 
assessment. Scant documentation exists on the distribution 
and size of open voids and backfilled areas within the area 
to be excavated. These abandoned workings may, however, 
serve to control failure paths within individual benches or 
overall slopes, as these features possess low to zero shear 
strength as compared with the undisturbed portions of the 
slope (Watters, 1988).
Slopes presently excavated into the south wall of the 
Northern Belle pit at heights of up to 125 meters already 
have shown signs of instability related to the presence of 
the abandoned workings. As ultimate pit slopes will reach 
heights approaching 366 meters with overall slope angles 
between 48 and 55 degrees, an evaluation of the effects of
2
these and other geologic structures on overall pit slope 
stability is made here to assess whether redesign of the pit 
slopes is necessary to ensure stability to the design pit 
depth. At a more fundamental level, the affect of 
underground workings on stress distibution in slopes will be 
appraised.
1.1 PURPOSE AND SCOPE OF STUDY
With the advent of heap-leach methods for extracting 
gold and silver from low-grade ore in the western U.S., 
massive open pit mining of ore bodies containing abandoned 
underground mines has become increasingly common. The 
influence of irregularly distributed voids on open pit slope 
stability is not a problem where a wealth of experience 
exists. Conventional limit equilibrium methods for slope 
stability analysis are not designed to account for changes 
in the stress state induced in the slope by the presence of 
underground workings or rock mass discontinuities. These 
methods when applied to such a system may produce erroneous 
results which, if taken at face value, may lead to an overly 
conservative or potentially dangerous pit slope design.
The uncertainties involved in slope stability analysis 
are numerous. The variation in geomechanical properties 
within the geologic media to be excavated is difficult to 
characterize. This is especially true in the vicinity of an 
ore body where mechanical properties and lithology change 
drastically within short distances, and information on
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important geologic structures and underground workings is 
incomplete. Despite these uncertainties, progress can be 
made toward useful results and interpretations from slope 
stability analyses, provided the variation in essential 
geomechanical features are recognized and incorporated in 
such studies.
It was the purpose here to examine the mechanical 
effect of abandoned underground workings and material 
property variations on the present slope design of the 
Northern Belle pit. Slope models based on two-dimensional 
limiting equilibrium and explicit finite difference methods 
were used to assess the physical condition of the slopes 
given the rock mass material property information.
Comparison of the slope model results were assessed to 
evaluate the following:
a) failure path sensitivity to underground workings and 
and fault zones
b) deformation and stress state of excavated slopes
c) safety factor for overall slopes
d) material parameter sensitivity effects
e) any need to redesign anticipated pit slope configurations





d) evaluation of computer model results
The field study consisted of site reconnaissance to 
assess the conditions of the as-built pit slopes and stable 
underground workings; testing for values of in-situ Young's 
modulus of deformation, E; sampling of representative intact 
rock, joints, and fault gouge for laboratory testing; and 
research/map-checking of existing geologic maps, as well as 
maps delineating underground workings and rock mass 
structure.
The laboratory study consisted of direct shear testing 
of rock joints and fault gouge, and triaxial testing and 
unconfined compressive strength testing of intact rock 
cores.
The computer modeling utilized both two-dimensional 
limit equilibrium (STABL5) and explicit finite difference 
(FLAC) codes. Selected pit cross-sections for both as-built 
and end-of-pit configurations were selected based on the 
"worst-case" distribution of underground workings and fault 
zone orientations. Modeling of sequential pit slope 
excavation was conducted in presently unmined areas most 
affected by the presence of open and backfilled drifts and 
stopes. Pit slope behavior affected by varying material 
properties, distribution of open voids, and location of 
fault zones was evaluated by way of a generalized slope 
model. This model was based on the design slope
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configuration for overall height of 305 meters.
It is anticipated that results from this site specific 
study may be utilized in stability assessment of 
geomechanically complex hard rock slopes in both mining and 
civil works.
1.2 FIELD AREA
The Northern Belle pit is part of the Candelaria mining 
district which is presently owned and operated by NERCO 
Minerals Company. Two other open pit operations, the Mount 
Diablo and Lucky Hill pits, are currently at advanced stages 
in their development to the south of the more recent 
Northern Belle operation.
The NERCO property is located some 64 km southeast of 
Hawthorne, Nevada within the Candelaria Hills of southeast 
Mineral county, Nevada (Figure 1.1). The ghost town of 
Candelaria is located at the foot of the northern slope of 
the Candelaria Hills and below the present south wall of the 
Northern Belle pit. The hillsides are steep and bare, 
trending generally east-west. The elevation over the mine 
site ranges between 1700 and 2000 meters above sea level.
The climate is arid with annual accumulations of
precipitation less than seven inches and temperatures
ranging above 100°F in the summer to below OOF in the
winter.
The Candelaria mining district was first established in 
1863 when a company of Spaniards discovered silver veins in
6
VICINITY MAP
Figure 1.1. Vicinity Map of the Candelaria Mine 
Area.
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the Candelaria Hills (Page,1959). Subsequent levels of 
mining activity in the area resulted in the development of a 
complex network of drifts, stopes, adits, and shafts which 
followed high-grade ore veins in the vicinity of the present 
Northern Belle pit. The chief metal yielded from the mines 
included silver and lesser amounts of gold, copper, lead, 
zinc and antimony.
The final phase of underground mining came to an end 
when the mill at Candelaria was closed in 1925. The town of 
Candelaria was subsequently abandoned. Since that time, 
various mining companies have attempted reworking waste rock 
material and extending existing adits with limited success. 
Open pit mining in the vicinity of the abandoned underground 
workings commenced in the late 1970’s and has continued to 
the present.
1.3 PREVIOUS WORK
Stability assessment of the as-built pit slope walls 
and long-term slope design for the Candelaria mine was 
performed initially for the Lucky Hill and Mount Diablo pits 
by Watters (1986). Further pit evaluation, including the 
initial Northern Belle pit slopes, was conducted again by 
Watters (1988). These investigations involved structural 
evaluation of joint and fault orientations within the rock 
mass, strength index testing of intact material, shear 
testing of representative joints and fault gouge material, 
limit equilibrium slope stability assessment of planar,
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stepped, and circular failure, and probabilistic 
determinations of slope failure possibilities. Based on 
this analysis, pit slope angles for each rock unit 
encountered over, the mine site was recommended.
Classical limit equilibrium slope stability analysis 
and slope monitoring techniques for hard rock open pit mines 
is discussed in detail by Hoek and Bray (1981). Stability 
evaluations discussed are commonly based on failure through 
an identifiable or assumed plane of weakness such as a joint 
surface, bedding plane, or fault zone.
Pariseau (1972) utilized elastic-plastic finite element 
analysis to evaluate material parameter sensitivity effects 
on element yield for an open pit mine. Effects of closely- 
spaced joints and fault location on yield and safety factor 
within the pit slope for various pit slope heights and 
inclinations were modeled as well. This study was one of 
the earliest applications of the finite element method to 
pit slope stability.
Zienkiewicz and Pande (1977) examined non-linear finite 
element models which incorporated multiple joint planes in 
to the rock mass under study. This idealization allowed for 
time dependent deformation to occur in several separate 
joint systems using a simple visco-plastic model. This 
model was used to examine the geomechanical behavior of a 
tunnel excavated into a severely jointed rock slope.
H u  (1979) examined non-linear numerical simulation of 
sequential mine slope excavation into a highly anisotropic
9
rock mass. Liu recognized that as staged excavation 
proceeded, changes in stress state (stress readjustment), 
local failure and accumulated deformation contributed to the 
process of gradual and progressive overall slope failure.
Cundall (1976) and Itasca Consulting Group3- (1989 ) have 
more recently examined explicit methods for modeling jointed 
rock systems as distinct elements of discrete blocks within 
a discontinuum model and ubiquitous joints within a finite 
difference continuum model. All authors involved with the 
development and implementation of numerical simulation of 
geomechanical behavior acknowledge the numerous 
complications involved in modeling geologically complex rock 
masses.
Cotton and Matheson (1989) recently looked at the 
effect of abandoned underground workings on floor and slope 
stability of a relatively shallow open pit gold mine. They 
found that stopes and drifts larger than three meters in 
diameter would cause instability and collapse of a pit slope 
or floor if some minimum thickness was breached between the 
opening and the pit surface. Instability was determined 
from regions of tensile stress propagating from the stope to 
the pit surface. It was suggested that a safe thickness is 
mainly a function of the blasting practices used for pit 
development.
Detection of abandoned underground mines by geophysical 
methods has been used in a study by Ghatge and Waldner 
(1989). Geophysical detection of open stopes and drifts may
10
help delineate subsurface structures which may be avoided or 
anticipated during open pit development. Knowledge of 
abandoned mine workings in this manner would be critical 
information to include into a slope stability study for an 
open pit mine to be excavated into such conditions.
11
CHAPTER IT
SITE GEOLOGY AND DEVELOPMENT
2.1 REGIONAL GEOLOGY
The Candelaria hills lie within the western margin of 
the Basin and Range Province. The rocks exposed within this 
region generally consist of a thick sequence of Paleozoic 
and Lower Mesozoic sedimentary and meta-sedimentary rocks 
capped by Cenozoic volcanics. Mesozoic intrusions of basic 
and felsic dikes, as well as granitic rocks, locally 
interrupt the sequence of pre-Cenozoic deposits.
The region including the Candelaria Hills is anomalous 
with respect to the surrounding Basin and Range structural 
features (Speed and Cogbill, 1979). Normal faults related 
to extensional forces within the Basin and Range Province 
trend east-northeasterly rather the more common north- 
northeasterly structural fabric. Normal faults in the 
region also express a significant strike-slip component not 
characteristic of normal faults within the rest of the 
province. Surface rupture in the 1934 Exselsior Mountain 
earthquake (M=6.3) some 17km northwest of Candelaria, in 
addition to numerous earthquake events of lesser magnitude, 
indicate the relatively high degree of crustal movement 
still present in the area (Speed and Cogbill,1979).
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2.2 SURFACE GEOLOGY
The topographic features of the Candelaria Hills area 
are anomalous to the generally well-defined linear valleys 
and ridges of the rest of the Basin and Range. Squarish 
troughs bounded by steep, uplifted mountain blocks and 
subtle, gently rolling hills are the principal geomorphic 
features in the area. Basaltic and rhyolitic flows cover 
the shallower rises and are broken by steep gorges, gullies, 
and abruptly faulted hillsides. Colluvial deposits, mainly 
composed of blocky volcanics, thinly mantle the sides of the 
steeper hillsides. Finer-grained alluvial deposits fan-out 
from the mouths of steeply-incised gorges at the base of 
hillsides and interfinger with lacustrine deposits to create 
basinal fills.
Alluvium-filled stream drainages are typically dry and 
mainly serve to channel away rapid run-off during summer 
thunderstorms. No surface water was present near the site at 
the time of field visits. The static ground water table is 
at great depths below the ground surface and is not a factor 
in the open pit mine development. Perched groundwater 
infiltrating into joints and fissures from the top of slopes 
during rainstorms of periods of snow melt maybe a factor in 
localized pore water pressure increases within the slope. 
Precipitation amounts, however, are generally too small to 
significantly effect overall pit slope stability.
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2.3 SUBSURFACE GEOLOGY
The rock assemblage into which the Northern Belle pit 
is to be developed is composed of a suite of allochthonous, 
meta-sedimentary and meta-igneous rocks which are cross-cut 
by numerous thrust, reverse, and normal faults. These units 
are capped by a sequence of Quaternary volcanics which 
themselves have been displaced by normal faulting. A 
generalized stratigraphic column for the Northern Belle pit 
area is given in Figure 2.1.
The oldest rock assemblage to be exposed in the 
Northern Belle pit is the Palmetto complex. This unit is 
Ordovician in age and is part of the Roberts Mountain 
allochthon. The Palmetto complex is composed of 
argillaceous chert and shale with thin beds of dolomite. 
The rocks within the complex are characterized by wavy, thin 
beds with closely spaced cross joints that are normal to 
stratification (Page,1959). The Palmetto complex is 
considered one of the strongest units with regard to slope 
stability.
The Permian Diablo formation is a thin, discontinuous 
layer of angular sandstone, or ’grit', which unconformably 
overlies the Palmetto complex. This unit is important as a 
stratigraphic marker bed and as a marker bed for favorable 
ore horizons within the lower units of the Candelaria 
formation. Though highly resistant and strong, the Diablo 
formation is not considered in slope stability assessment 
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Figure 2.1. Generalized Stratigraphic Column for 
Northern Belle Pit Area.
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The Lower Triassic Candelaria formation is the 
predominant rock unit to be exposed in the development of 
the Northern Belle pit. The Candelaria formation is in 
unconformable contact at its base with the Diablo formation, 
where present, or in thrust or unconformable contact with 
the Palmetto Complex. The Candelaria rocks affected by 
metamorphism and hydrothermal alteration from periods of 
mineralization, are not similar to rocks of the formation 
elsewhere in the Candelaria Hills. The Candelaria formation 
exposed in the Northern Belle pit is composed primarily of 
argillite which varies from greenish-gray to tan in color. 
Relic bedding and laminae are often difficult to 
distinguish. The argillite is dissected by innumerable 
healed fractures. Strength of the argillaceous rock ranges 
from very resistant silicified zones to weak, fractured 
zones. The protolith elsewhere in the region is composed of 
shales with thin limestone interbeds.
The Triassic Pickhandle Gulch Complex is in thrust 
contact with the Candelaria formation. This unit is a 
chaotic melange of brecciated meta-sediments and meta- 
igneous rocks within a serpentinized matrix. The rocks of 
this complex are characteristically greenish-gray to dark- 
gray in color and are considered the weakest rock unit 
exposed in any of the Candelaria mines. Isolated bench 
failures that have occurred in the Mount Diablo and Lucky 
Hill pits have involved rocks of the Pickhandle Gulch 
complex. The Pickhandle complex will be an important slope
16
stability concern when exposed In the northern and eastern 
portions of the Northern Belle pit during future 
development.
Many strongly altered basic and felsic dikes occur 
within the mineralized zone of the lower Candelaria 
formation, and to a lesser degree within the Palmetto and 
Pickhandle Gulch complexes (Watters,1986). The alteration 
of these dikes has greatly reduced the available strength 
within these materials.
2.4 GEOLOGIC STRUCTURE
Figure 2.2 is a generalized geologic map of the 
Northern Belle end-of-pit development. Two main periods of 
deformation are evident. Initially, compressional tectonics 
during the Mesozoic era resulted in thrust faulting and 
reverse faulting of pre-Cenozoic rocks. During the Cenozoic 
era, east-west trending normal and strike-slip faults 
developed in response to Basin and Range extensional 
tectonics. These extensional features have displaced the 
earlier compressional features. Pre-Cenozoic compression- 
related faults and fractures within the Northern Belle mine 
area served as pathways for hydro-thermal fluid migration 
and subsequent mineralization. Many of these features 
contain the open and backfilled stopes developed by early, 
underground miners. Most notable of these is the Yankee and 
Sutherland faults, as well as the Pickhandle Gulch thrust. 
Clay gouge material from these mineralized faults often
17
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exhibit reduced shear strengths as compared to clay gouge 
material from other, unmineralized fault zones.
All faults within the Northern Belle pit area are 
inclined to the north or east at roughly 40° to 60°. 
Potential daylighting of fault structures striking sub-
parallel to the pit slope face, or wedge intersections of 
fault planes oriented obliquely to the slope face, is a 
critical concern with regard to pit slope stability.
Relic bedding, where present within the mineralized 
Candelaria formation, is inclined to the north at 20° to 
60°. Locally, beds are contorted and sheared by numerous 
faults, small shears and thrusts. The locally obscure 
nature of the bedding planes within the Candelaria formation 
precludes their geomechanical importance with regard to pit 
slope stability.
Jointing is pervasive throughout all rocks of the 
Candelaria district. When viewed as a whole, no dominant 
joint sets can be delineated throughout the mine area 
(Watters,1986). Within the Northern Belle pit, however, a 
relatively persistent joint set can be distinguished dipping 
into the present south wall slope face at roughly 70°. 
Equatorial stereonet plots developed from cell mapping of 
this area demonstrates this dominant jointing feature in 
addition to other diffuse discontinuity orientations present 
within the rockmass (Figure 2.3).
Mean Orientation of Poles to Joint Set
Used in N. Belle Pit Slope Models
Figure 2.3. Equatorial Steronet Plot of Poles 
to Discontinuity Planes for the Northern 
Belle Pit Area.
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2.5 PREVIOUS MINING ACTIVITY
The height of underground mining activity in the 
Candelaria district occurred from the 1870's to the 1920's. 
In 1922 and 1930, J.A. Burgess mapped surface geology and 
abandoned underground workings of the Northern Belle mines. 
His maps are unpublished, but remain the most comprehensive 
survey of the existing underground workings to date. Prior 
to open pit development in the late 1970's, maps of the 
Northern Belle mine area, based on Burgess's work and 
additional field work, were compiled by independent 
consultants.
Figure 2.4 shows in plan the intricate distribution of 
adits and drifts, as well as the location of footwall and 
major fault structures intersected by these underground 
workings. Figure 2.5 shows a typical north-south section of 
the Northern Belle mine area looking west. In all, 19 
underground levels have been identified which have 
originated from the old Northern Belle shaft located in the 
Pickhadle Gulch. Figure 2.5 shows some of these drift 
levels where intersected by the section. Though 
distribution of drifts and adits are fairly well known, the 
distribution and size of stopes excavated into mineralized 
fissures is not well known.
To reduce haulage of waste ore out of the hillside, cut 
and fill mining of stopes was employed by early miners, 
waste rock from excavation of stopes up-dip along structure 
was dumped into open stopes down-dip. Backfill within
Underground W orkings
Figure 2.4. Plan Map of Underground Workings in the Northern Belle Pit 
Area.
r\3
Figure 2.5. Typical North-South Section Through Hillside in the Northern 
Belle Pit Area.
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stopes has been supported by timber cribbing where stopes 
intersect drifts at the next level below. Later mining 
efforts retrieved and processed some portion of stope 
backfill material.
Figures 2.6 and 2.7 show size and condition of drifts 
and backfilled stopes of uncondemned underground workings 
adjacent to the NERCO property. Drifts were roughly 2 
meters by 2.5 meters in cross section, while the dimensions 
of stopes were variable. Observed stope dimensions, 
however, were some 45 meters along strike, 2 meters in 
width, and 18 to 25 meters up dip along structure. Most 
stopes were backfilled sporadically both along strike and 
dip of the mineralized structure.
2.6 PROPOSED NORTHERN BELLE PIT DEVELOPMENT
The proposed Northern Belle pit will remove the ore 
host rock material worked by previous underground efforts. 
The ultimate design pit depth is 366 meters with overall 
slope angles of roughly 51°. Slope benches are designed for 
9 to 12 meters in width, 24 meters in height with bench 
faces inclined at 70<>. Benches serve as catchment 
structures for small rockfalls or slope failures above the 
bench, as well as accessways for mine equipment.
The deepest portions of the pit will be some 107 
meters southwest of the abandoned Northern Belle shaft. The 
final slope configuration for the south wall of the pit 
roughly coincides with orientation of the footwall of the
-
Figure 2.6. Condition of Drifts in Uncondemned Workings 
Adjacent to the Northern Belle Pit Area.
(V)
Figure 2.7. Condition of Stopes in Uncondemned Workings Adjacent 
to the Northern Belle Pit Area.
!\)
26
ore body in this area.
Figures 2.8a,b and 2.9 show the as-built and end-of pit 
slope configurations for the Northern Belle pit, 
respectively. Figure 2.10 and 2.11 show selected cross 
sections through the pit. These figures depict abandoned 
underground workings, major fault zones striking within 25° 
of the design pit slope orientation, and major rock units. 
Figure 2.10 shows the original ground surface, as-built 
slope and final slope configurations. Figure 2.11 depicts 
sequential pit slope configurations during pit excavation 
into presently unmined areas.
2.7 PRESENT AS-BUILT SLOPE CONDITIONS
Figure 2.10 shows the as-built slope configuration of 
the Northern Belle pit as of November 1988. The maximum 
slope height is approximately 128 meters at an overall slope 
angle of roughly 480. The exposed slope is composed almost 
entirely of Candelaria argillites capped by blocky basaltic 
rock at the top of the slope. The slope face is obliquely 
intersected by the Yankee and Sutherland faults. Stoping 
along the mineralized Sutherland fault zone has resulted in 
ravelling and instability in this area of the slope face 
(Figure 2.12). Isolated rock falls from exposed block- 
jointed basalts were evident at the time of field 
investigation. Tension cracks near bench crests within the 
Candelaria argillites were noted in isolated portions of the 
slope. Their development was monitored on successive visits
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Figure 2.8a. As-Built Northern Belle Pit Configuration 
(November 1988). Location of In-Situ 
Young’s Modulus Tests Shown on 6li0 Bench.
Figure 2.8b. South Wall of the As-Built Northern Belle Pit (November 
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Figure 2_ 1 1_ Representation of Sequentially Excavated Slopes, Subsurface Geology, and Abandoned Workings for Model Section C-C'. 
29.2 
Re h wo ldt , E. B. 1989 
Exposed Backfilled Slope Along Sutherland Fault
Figure 2.12. Exposure of Backfilled Stope Along the Sutherland Fault 
Results in Ravelling and Localized Instability of Slope.
o
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to the site (Figure 2.13).
Numerous drift openings have been exposed in the slope 
face (Figure 2.14). Collapse of rock materials into these 
openings is primarily a result of blasting practices. 
Though surface observations have suggested isolated bench 
instability and ravelling of fault zone structures due to 
the presence of abandoned underground workings, no gross 
instability has been noted within the as-built south wall 
slope of the Northern Belle pit.
Tension Crack Development, Below 6110 Bench
Figure 2.13. Tension Crack Development at Face of Slope Bench, South 
Wall, Northern Belle Pit.
rv>







3.1.1 SITE SELECTION AND PROCEDURES
Field testing of in-situ rock material parameters, as 
well a sampling of representative rock matrix, rock joints, 
and fault gouge material for laboratory testing, was 
conducted in March 1989. Testing locations within the pit 
wall was largely a function of rock unit exposure, access, 
and mine operations. Testing for in-situ Young’s modulus of 
deformation, E, of the rock mass was performed on the 6110 
bench of the Northern Belle pit south wall, roughly half-way 
up the existing slope face (Figure 2.8a). Testing sites 
within the bench were all within argillites of the 
Candelaria rock unit.
Surface rock exposures for testing were selected based 
on accessibility and representation of the in-situ rock 
mass. Two locations were selected for testing. Testing at 
the west end of the bench was conducted within a relatively 
strong, silicified region of the Candelaria argillite. 
Relatively fractured and weak portions of the Candelaria 
formation were tested at the eastern end of the slope bench.
The Young's modulus of deformation, E, is a measure of
the resistance of the rock mass to elastic deformation. It
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is represented graphically as the slope of the strain vs. 
stress curve within the elastic range. This modulus value 
is important in slope stability evaluations based on stress- 
strain relationships. Determination of in-situ E was 
accomplished by way of the Goodman borehole jack.
Preparation for jack testing required the coring of a 
NX-size (7.62cm dia.) borehole some 60cm into the rock 
material to be tested. Boreholes were advanced by a 2.4kW 
portable coring machine (Figure 3.1). Rock cores retrieved 
from the drilling operation were often broken and fractured 
along both pre-existing planes of weakness and drilling 
induced fractures. At the conclusion of drilling, the 
borehole was cleared of water and debris in preparation for 
jack testing.
3.1.2 GOODMAN BOREHOLE JACK
The Goodman hard rock hydraulic jack is a cylindrical 
jacking device used to measure borehole deformabi1ity within 
a rockmass (Figure 3.2). The instrument was developed in 
the late 1960's by Goodman et al. and consists of two 
moveable, convex bearing plates 20.3cm in length which are 
used to provide a unidirectional force against the borehole 
wall (Figure 3.3). The bearing plates move in response to 
12 hydraulic pistons pressurized by a hydraulic hand pump 
connected to the jack outside the borehole. The maximum 
available gauge pressure is 6.9el07 Pa. Borehole 
displacements in response to jack pressures are shown in
f
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Figure 3.4. Displacements of' Rock Under 10,000psi (68.95MP3-) load 'by- 
Goodman Borehole Jack (after Goodman et al., 1968).
bO
Figure 3.4 by Goodman et al. (1972).
Displacements of jack plates is given by two linear 
variable differential transformer (LVDT) transducers located 
at either end of the jack. Plate deflections are recorded 
for each increase in gauge pressure for both "near and "far" 
LVDT's. The total displacement of the jack plates is a 
maximum 1.27cm.
During field testing, the Goodman jack was inserted 
into drilled boreholes as shown in Figure 3.5, and hooked to 
appropriate pressure pumps and displacement gauges. Tests 
were recorded in orthogonal directions for each borehole to 
assess any anisotropic deformation characteristics of the 
rock mass. The jacking tests were performed by applying 
incremental plate pressures to the borehole wall and 
recording LVDT readings for each change in pressure. Pump 
pressures were increased to 80% of the maximum gauge 
pressure in strong material, and to the point of plastic 
failure in weaker portions of the rock mass.
3.1.3. DETERMINATION OF ELASTIC MODULUS FOR ROCK MASS
The value of Young's modulus as estimated from the rock 
mass is computed as the tangent modulus to the linear 
portion of the applied hydraulic line pressure (Q*) vs. 
borehole displacement (U^) curve. From Goodman et al. 
(1972) the following relationship maybe used to determine E 
of the rock mass for an NX-size borehole where the actual 
plate pressure, Q, is 93% of the applied hydraulic line
Figure 3.5- Operational Set-Up for Goodman Borehole Jack Test.
pressure, Q*»:
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E = 0.061K (v) Q*,/ U<a (Eqn. 3.1)
where, E = Young's deformation modulus for rock mass (Pa)
Qh = change in hydraulic line pressure (Pa)
Ud = mean jack plate displacement (m)
K(v) = jack constant dependent on the Poisson's ratio 
of rock material being tested (Table 3.1)
Table 3.1
Values of K(v) for NX-size Borehole Jack (Goodman et al.)
V 0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50
K(v) 1.38 1.29 1.29 1.28 1.27 1.25 1.23 1.20 1.17 1.13 1.09
Goodman jack test results for the Candelaria formation 
can be found in Appendix A, Figures A-l through A-3. Test 
results most likely have been affected by local
mineralization and blasting practices at the slope face. 
Values are likely to increase into the rock mass as 
confining pressures increase. Test results do reflect a 
range of modulus values that can be used as slope
deformation model input to test for model sensitivity to 
drastic changes in deformation modulus values.
The Young's modulus values and the more easily 
estimated Poisson's ratio value, v, for the rock mass can
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also be used to estimate values for static shear and bulk 
modulus values, G and K respectively. These values may be 
approximated for the rock mass within the elastic range of 
deformation by the following relationships:
G = E/2(1+v) (Eqn. 3.2)
K = E/3(1-2(v)) (Eqn. 3.3)
Since the development of the Goodman jack, 
modifications of values of E as calculated by jack results 
have been introduced. Hueze (1977) has produced calibration 
curves for E=.x<= vs. E.etu.i based on the stiffness ratio 
EiDcn/Eitaai (Figure 3.6). Hueze's relationship suggests 
that jack modulus values exponentially underestimate actual 
rock mass modulus values as E increases.
Hustrilid (1976) introduced constants based on 
pressure range, Poisson's ratio of the rock mass, and jack 
construction to relate Goodman jack values in-situ to 
laboratory values of E for the rock mass. It was found by 
empirical relationships that Goodman jack results 
underestimated E for intact rock by a factor of 2.53 to 5.20 
compared to laboratory values.
3.2 LABORATORY TESTING
Laboratory tests were performed on representative 
intact rock, rock joint, and fault gouge material from the 
Northern Belle pit area. Laboratory results from previous

studies of geomechanical rock and fault gouge properties of 
the Candelaria mine area from Watters (1986) were verified 
and included in slope stability assessment in this 
investigation where necessary.
Material properties necessary for slope stability 
analysis by limit equilibrium and/or numerical methods 
include shear strength properties of rock joints, intact 
rock, fault gouge, and stope backfill material, as well as 
bulk density, E, and Poisson's ratio, v, of rock mass units, 
fault zones, and broken rock fill material.
3.2.1 TRIAXIAL AND UNIAXIAL TESTING OF INTACT ROCK
Strength properties of intact Candelaria argillites 
were determined through triaxial cell (Hoek cell) testing 
and uniaxial compression testing of prepared cores. Mohr- 
Coulomb strength envelopes for intact rock were determined 
by triaxial compressive failure of successive core samples 
at increasing confining pressures within a Hoek pressure 
cell following ASTM procedure D2664-86. Unconfined 
compressive strength, as well as Young's modulus, were 
determined by way of a uniaxial compression to failure test 
of a prepared core using a MTS test frame system per ASTM 
procedure D3148-86. Graphical plots of uniaxial compression 
and triaxial test results are presented in Appendix A, 
Figures A-4 and A-5, respectively. The laboratory value of 
E for the Candelaria argillite.is some 7 to 8 times greater 
than field values for the whole rock mass. This large
laboratory value Is attributed to sample dimensions and 
absence of rock mass defects and was not considered in slope 
models.
3.2.2. DIRECT SHEAR TESTING
Direct shear testing was conducted on rock joint 
surfaces and fault gouge material to determine the shear 
strength of these features. Shear strength is expressed as 
a function of cohesion and angle of internal friction for a 
Mohr-Coulomb strength envelope.
The Q, or Quick, shear test procedure was performed on 
representative fault zone material using the SOILTEST model 
D-120 direct shear apparatus. Fault gouge material was 
remolded at a moisture content within its plastic range and 
sheared at a low strain rate (0.254cm/min.) to failure under 
successively higher normal loads. Best fit linear plots of 
peak shear strength to normal stress were constructed to 
determine strength envelopes and corresponding values for 
cohesion and friction (Figures A-6a,b,c). Samples tested 
were representative of mechanical breakdown of rock material 
within recent normal fault structures. Strength values of 
fault zones affected by hydrothermal alteration are 
significantly lower as determined by Watters (1986).
Direct shear testing of joint samples to estimate shear 
strength for the major geomechanical units within the 
Northern Belle pit area was conducted by Watters (1986). 
Results of direct shear tests of joint samples taken within
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the Candelaria formation were in close agreement with mean 
strength parameters determined in this investigation (Figure 
A-7) .
3.3 MATERIAL PROPERTIES USED IN SLOPE MODELS
Tables 3.2 and 3.3 summarize geomechanical material 
properties utilized in slope models for rock mass units, 
fault zones, and rockfill material encountered in the 
Northern Belle pit area. Large uncertainties exist with 
regard to values of intact/joint cohesion and Young's 
modulus for the rock mass. The range in possible values for 
these parameters is much more difficult to assess compared 
to the range of possible friction and Poisson's ratio 
values. Back analysis of a failure that has occurred within 
the rock mass of interest is the most satisfactory method of 
determining shear strength parameters; however, only 
limited, fault-controlled bench failures have occurred over 
the Candelaria mine site to date which are not wholly 
representative of the rock mass in question.
Table 3.2 presents combinations of upper and lower- 
bound cohesion and modulus values for the Candelaria 
formation to be used in slope models. Lower-bound modulus 
and cohesion values were used to characterize the Pickhandle 
and Palmetto formations. The range in rock mass E values 
were determined by field test results. Upper-bound and 
lower-bound joint cohesion values were represented by mean 
cohesion values and cohesion values for a 95% confidence
TABLE 3.2
Rock Mass Material Properties llsad in Pit Slope Modals 
Rock Mass Unit Property Variations*
Prooertv L-CND H-CND h i-c n d H2dCNB PCK E&L
E (Pa) 5.147e8 4.906e9 4.906e9 5.147e8 5.147e8 5.147eB
Poi sson•s 




2355 2355 2355 2355 2355
Intact
Cohesion(Pa) 4.592e6 1.379e7 4.592e6 1.379e7 2.39e6 2.39e6
Intact
Friction(deg) 36 36 36 36 32 32
Joint
Cohesion(Pa) 2.296e5 3.06e5 2.296e5 3.06e5 1.99e5 1.24e5
Joint
Friction(deg) 26 26 26 26 19 33
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level, respectively, as determined by Watters (1986). 
Upper-bound intact rock cohesion was based on triaxial cell 
test results. Lower-bound values were based on 1/3 of this 
laboratory cohesion value. Bulk density values are based 
on information provided by the mine operators. Assumed 
values for Poisson’s ratio were used for all rock mass 
units.
Table 3.3 provides material property values for stope 
rockfill material and significant fault structures in slope 
models. Material property values for the broken rock 
backfill material were estimated from published laboratory 
data from triaxial tests on crushed rock material 
(Marsal,1967 and Boughton,1970). Shear strength parameters 
for fault zone material were based on mean direct shear test 
results from this investigation and from Watters (1986). 
Estimated modulus and bulk density values were used to 
represent fault zone materials.
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CHAPTER IV
NORTHERN BELLE PIT SLOPE MODELS
4.1 NUMERICAL SLOPE MODELS
With the advent of the digital computer, numerical 
methods using systems of equations to describe stress-strain 
relationships of a model system have been widely used in the 
engineering field. Finite element and finite difference 
methods in geotechnical engineering are particularly useful 
in discontinuous rock masses where stress distributions and 
displacements in the vicinity of engineered structures need 
to be studied for stability assessment. These methods are 
used in lieu of limiting equilibrium procedures which are 
utilized where geometries are simple, strength properties 
are largely isotropic, and deformations and intermediate 
stress states are of little interest (Goodman, 1976).
Both the finite element and finite difference methods 
utilize a discretized continuum model represented by a set 
of generalized coordinates and zones, or elements, to which 
rock mass material properties are assigned (Figure 4.1). 
The finite element approach, however, is usually viewed as a 
minimization of a potential energy function (dit* = 0) for a 
condition of equilibrium without reference to differential 
equations (Cook, 1974), whereas the finite difference 
approach approximates the governing differential equations 
of a system by the ratio of changes of the variable of
JOB TITLE :Tunnel in Isotropic Rock Hass 




Figure 4.1, Discretized Finite 
Difference Grid Model of a 




interest over a small, but finite increment (flu/flx « u/ x). 
A case study examining the formulation and performance of 
both methods in greater detail for a square opening in a 
highly jointed rock mass is presented in Appendix B.
4.1.1 FUNCTION OF UBIQUITOUS JOINT CONTINUUM MODEL
The behavior of jointed rock systems has been modeled 
using both discrete block discontinuum methods (Goodman et 
al., 1968 and Cundall, 1976) in which discontinuities are 
represented explicitly as independent elements separating 
intact block elements, and continuum models which utilize 
implicitly-defined joints within each element or zone 
representing a continuous rock mass system. The latter 
method is considered more appropriate for highly jointed 
rock masses, where mesh discretization for a discontinuum 
model is often difficult and impractical.
The explicit, or timestepping, finite difference 
computer code FLAC (Fast Lagrangian Analysis of Continua) 
uses the notion of ubiquitous joints embedded in a Mohr- 
Coulomb plasticity model. The Lagrange code of FLAC 
essentially determines the location of model gridpoint 
coordinates as a function of each timestep calculation 
during plastic deformation of the model. Plasticity models 
for both intact rock and joint surfaces are governed by 
elastic-perfectly plastic behavior (Figure 4.2) in plane 
strain, obeying the Mohr-Coulomb yield criterion (Figures 
4.3 and 4.4). Figures 4.3 and 4.4 indicate that joint
5^
Figure ^.2. Stress-Strain Curve of Elastic-Perfectly 
Plastic Behavior Governing Mohr-Coulomb 
Plasticity Model in FLAC.
S h e a r  S t r e s s ^ )
Joint Factor of Safety =
BC
I f  JFS >  1, Then No Sl ip A c ro s s  Joint  
If  N o r m a l  S t r e s s  =  0, Then  J o i n t  Is Opening
Figure 4.3. Mohr-Coulomb Yield Criterion for Ubiquitous Joints.
S h e a r  S t r e s s ( T )
If  WFS <  1, T h e n  R o ck  F r a c t u r e s
Figure 4.4. Mohr-Coulomb Yield Criterion for Intact Rock
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surfaces as well as Intact rock material may behave 
elastically or plastically, based exclusively on the state 
of stress. This anisotropic form of the plasticity model is 
well-suited to the strong, directional influence of the 
joint fabric observed within the Northern Belle pit.
For each time-step calculation in this finite 
difference analysis, the ubiquitous joint model rotates the 
stress state into alignment with the selected joint 
orientation. The Mohr-Coulomb constitutive relationship is 
checked for yield on this plane and within the intact rock 
matrix based on the stress state for each zone in the model. 
If yield has occurred, corrections to stresses are applied 
through the constitutive model to conform to the yield 
surface. In this way yield within the continuum model may 
be controlled by joint or bedding structure.
Problems with the ubiquitous joint model may be more 
forthcoming where the behavior of distinct, widely-spaced 
fracture planes must be assessed. With the ubiquitous joint 
model the following drawbacks can be noted with regard to 
discrete joint assessment: (1) joints cannot be explicitly 
defined within the model; (2) Only one set of joints or 
bedding planes may be modeled; (3) failure is controlled by 
stress state alone, with no recognition of the relation of 
failure to displacement along joint surfaces; and (4) 
stiffnesses are not assigned to joint interfaces, so that no 
"load sharing” exists between the joint and intact rock 
(Itasca2, 1989). This last point implies that for the
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ubiquitous joint model, slip is allowed only on planes of 
weakness, where the material model behaves with the rock 
matrix in compression and the joint surface in shear.
The rock mass conditions of the Northern Belle pit 
slopes were modeled in this investigation utilizing the 
ubiquitous joint model implemented in the FLAC code. 
Abandoned underground workings, critical fault zones, slope 
geometries, and sequential excavation of the south wall of 
the pit were modeled explicitly within the finite difference 
grid mesh to a reasonable scale. Unidirectional joint 
orientations and variable geomechanical properties 
encountered within the south wall slopes ere assigned to 
each grid zone of the model. The amount of flexibility 
allowed for the FLAC code with regard to grid mesh design 
and the use of anisotropic plasticity models enabled a more 
realistic representation of the rock mass conditions into 
which the pit slopes are to be excavated.
4.1.2 DESCRIPTION OF THE EXPLICIT FINITE DIFFERENCE CODE
FLAC, developed by Itasca Consulting Group, is a 
geomechanics computer model which utilizes the explicit 
finite difference method to approximate exact solutions to 
the governing differential equations of motion. The method 
involves dividing the slope or the region around an opening 
to be modeled into a mesh of two-dimensional, variable 
strain quadrilateral zones which are interconnected at 
gridpoints. FLAC allows flexibility for irregular mesh
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design, variation of material parameters, and variation of 
boundary and initial conditions.
The finite difference equations used to approximate the 
governing differential equations of motion are solved at 
each gridpoint in a time-stepping fashion. This explicit 
method allows the user to observe the state of stress and 
deformation for each grid zone at any time-step as the 
system moves toward a state of static equilibrium. The 
time-step interval is controlled within the computer code by 
the speed of sound through the mass being modeled (Itasca3-, 
1989) .
Implicit finite element and finite difference methods, 
on the other hand, generally solve for unknown gridpoint or 
nodal values all at one time. This procedure involves the 
solution of a set of simultaneous equations relating unknown 
to known values for each gridpoint where solutions toward a 
static equilibrium condition requires step-iteration 
procedures. Storing and solving a system of equations for a 
particularly complex grid mesh often results in extreme 
computer memory requirements. Large matrices representing 
the system of equations necessary in implicit methods are 
never formed in FLAC.
The governing differential equation for FLAC is the 
motion equation (Newton’s Second Law), dv/<Jt = F/m (i.e.
F = ma), where v = gridpoint velocity, t = time, F = 
unbalanced gridpoint force, m = mass lumped at gridpoint 
from surrounding grid zones. The acceleration of the mass
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lumped at a gridpoint generates the unbalanced force at said 
gridpoint which, in turn, generates accelerations and 
unbalanced forces at neighboring gridpoints. This condition 
propagates throughout the model grid mesh with each 
timestep. The point and magnitude of unbalanced force 
generation is dependent on initial conditions and boundary 
conditions of the model.
For each time-step, the accelerations generated from 
unbalanced forces, F, are integrated once to determine the 
velocities, and twice to determine displacements in the x 
and y directions for each gridpoint. Averaged strain 
increments for each grid zone are then determined by the 
velocity gradients between gridpoints of each zone. The 
averaged strain increment for each grid zone is then used in 
the chosen constitutive stress-strain law to determine the 
corresponding average stress increment for that zone. The 
new accelerations and unbalanced forces generated at each 
gridpoint in response to the change in stress are then 
calculated for the next time-step. Gridpoint coordinate 
locations are updated based on new velocity and 
displacements vectors for each gridpoint. Figures 4.5 and 
4.6 summarize the finite difference formulation and basic 
calculation cycle of the FLAC program.
The static equilibrium condition of a model simulation 
using FLAC is accomplished by damping the response of the 
system to the governing dynamic equations of the computer 
code. The final static solution to a dynamic problem can be
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BASIC FORMULATION OF THE FINITE DIFFERENCE NUMERICAL MODEL 
Govern!no Equation
Motion of a mass subjected to a time—varying force, F*s
Sv/St ■ F/m Ci.e., F=ma)
•Forces for each gridpoint at each timestep are based on 
the acceleration of the mass lumped at said gridpoint. This 
force will vary through time and 2—D space and is therefore 
referred to as an “unbalanced force”. The change in 
magnitude of this unbalanced force with each timestep will 
determine the condition of equilibrium of the finite 
difference grid model.
Central Finite Difference Approximation
The governing differential equation is approximated by the 
following central finite difference equation where velocities 
are stored at each 1/2-timestep:
Approximation of Governing Differential Equation; 
iv/4t ■ V « «  *  — V < «  — 4%/2 )/^t
Velocity of Gridpoint at the 1/2—timestep:
v<» — 4«/2 > ■ v«« — + CFc« >/m3At
Displacement of Gridpoint for Each timestep;
U « »  »  A * >  ■  U c « >  +  V « *  .  » « / 2 > ^ t
Strain Increment Tensor for Each timestep;
■ 0.5C iVi/*xj > Svj/SXi. 3Afc
where,
^•ij = strain increment tensor at gridpoint
i»J—1,2
Vi = i component of the velocity from i = 1,2 
xt 3 i component of the coordinate from i=l,2 
At = single timestep
Figure Formulation of FLAC Finite Difference
Approximation to Governing Dynamic 
Equation.
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CALCULATION CYCLE OF THE FINITE DIFFERENCE NUMERICAL MODEL 
At Each Timestept
Governing Equation: £v/£t * F/m (Law of Motion)
For Each Qridooint
* Determine unbalanced forces at gridpoint from calculated 
cone stresses
* Determine gridpoint velocity components from unbalanced 
forces
* Determine gridpoint displacements by integrating velocities
for. Sash Zqp*
* Determine strain increments from gridpoint velocities
* From strain increments, calculate corresponding stress 
increments from material constitutive law (Mohr-Coulomb 
plasticity)
Figure 4-.6. FLAC Calculation Cycle for Each 
Time-step.
illustrated by the damping of vibrations of a mass on a
spring, where the spring-dashpot system response is governed
by the following differential equation:
m( <3 *u/6t2) + c(<3u/<3t) + ku = 0 (Eqn. 4.1)
where, m = mass
c = damping constant 
k = spring or system stiffness 
<5u/<3t = mass velocity 
32u/dt2 = mass acceleration
The constant c is automatically determined within FLAC 
to create a slightly overdamped response within the system 
to ensure stable convergence to static solution. The system 
stiffness constant k for each gridpoint is dependent on the 
value of Young's modulus E for the rock material. Figure 
4.7a and b demonstrate the spring-dashpot system and the 
response of a slightly overdamped spring dashpot system 
converging to an equilibrium condition with increasing time.
To minimize the time involved in arriving at a static 
equilibrium solution, the following indicators may be used 
to assess whether adequate convergence to an equilibrium 
condition has been reached (Itasca3-, 1989):
(1) Gridpoint displacements approach some 
constant value.
(2) Out-of-balance forces and velocities 
at each gridpoint approach zero.
(3) Stresses in each zone approach some 
constant value.
The key indicator is generally the magnitude of unbalanced 
forces with each successive time-step in the calculation
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Figure 4-. 7a. Spring-Mass-Dashpot System Simulating 
the Behavior of the Dynamic FLAC Code 
for a Condition of Static Equilibrium.
Figure 4-.7b. Plot of Mass Displacement with Time for 
a Slightly Overdamped System.
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sequence. Generally for large problems and problems with 
high initial stresses, the maximum unbalanced forces are 
considered sufficiently small for a static solution when 
they have reached 1 kNewton (Itasca1, 1989). Smaller 
problems and simple problems using gravitational stresses 
are considered at static equilibrium when maximum unbalanced 
forces have reached 100 to 200 Newtons. Plotted output of 
maximum unbalanced force vs. timestep is shown in Figure 4.8 
to demonstrate the convergence of a model system to a 
condition of static equilibrium.
4.1.3 INITIAL CONDITIONS AND BOUNDARY CONDITIONS
Initial conditions within the FLAC grid model may be 
assigned for each gridpoint or zone before calculations 
commence. Initial conditions of interest may include 
distribution of in-situ stresses, gravitational loading, 
pore water pressures, and individual gridpoint 
displacements.
Boundary conditions may be assigned to any part of the 
grid model perimeter. Boundaries may be fixed in the x and 
y directions, rollers applied in either the x or y 
directions, or kept free. Directional pressures, stresses, 
and forces may be applied to any part of the outside 
boundary at any time in the explicit finite difference 
calculation sequence. The flexibility of applying boundary 
and initial conditions within the FLAC. code allowed for ease 
in the simulation of excavation and the representation of
JOB TITLE : N. Belle/Sect. A-AV6310-6110 Benches/Large Tine After Excau. 
From File : a-a2i-3.sau
Max. unbal. force
M (*10**+06)
tine step nunber (*10**+01)
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geologic and man-made structures for the Northern Belle pit. 
4.2 LIMIT EQUILIBRIUM MODEL
The stability of natural slopes, cut slopes, and fill 
slopes are commonly assessed by the limit equilibrium 
analysis. Limit equilibrium analyses are used in slope 
design to determine the factor of safety against slope 
failure based on all the significant factors that influence 
the shearing resistance of a soil or rock mass. The factor 
of safety here is defined as the factor by which shear 
strength of the soil or rock material may be reduced in 
order to bring the slope into a state of limiting
equilibrium along a failure surface (Morgenstern and 
Sangrey, 1978).
A number of limit equilibrium procedures have been 
introduced to assess the factor of safety for various slope 
conditions and failure surface configurations. Some methods 
are more rigorous than others with respect to satisfying 
conditions for overall force and moment equilibrium. All 
methods, though, share the following principles:
(1) A slip mechanism is postulated. The failure surface is 
controlled by a circular, log spiral, planar, stepped, 
or irregular (non-circular) failure surface dependent 
upon the uniformity of the soil or rock conditions, the 
presence of through-going planes of weakness, and slope 
geometry.
(2) Normal and shear stress distributions along a potential
slip surface are calculated by means of statics to 
assess static equilibrium for the potential sliding 
mass.
(3) The available shear strength of the rock or soil 
material is compared with the mobilized shear stress 
along the sliding surface to assess the average factor 
of safety for the slip surface.
(4) Iterative procedures are utilized to determine the slip 
surface with the lowest factor of safety for a soil or 
rock mass where no identifiable plane of weakness has 
been recognized.
Finite difference or finite element deformation 
analyses differ from limit equilibrium methods in that 
stress-strain relationships are not used in the latter 
method and expected deformations of slope are not
calculated. It is assumed for limit equilibrium methods 
that precise slope deformations, intermediate stress states, 
and progressive failure are not important, and these 
deformations can be controlled by designing for the 
appropriate safety factor (Morgenstern and Sangrey, 1978). 
Above all, limit equilibrium analysis is much simpler and 
more easily accomplished when applied to most slope




4.2.1 PURPOSE OF IMPLEMENTING LIMIT EQUILIBRIUM MODEL
Standard, iterative limit equilibrium procedures were 
implemented in slope stability evaluations of the Northern 
Belle pit south wall. Past slope stability studies of the 
Candelaria mine (Watters, 1986) have implemented simplified 
limiting equilibrium analyses which have assumed a circular 
failure mode through the toe of slopes with no consideration 
of fault zones or abandoned underground workings. The 
intent of the investigation here was to assess the factor of 
safety for slopes using potential non-circular failure paths 
which were not constrained to any entry or exit points at 
the base and top of the slopes. Iterative search procedures 
allowed random propagation of potential failure paths 
throughout heterogeneous slopes to assess the most critical 
failure paths. Failure though identifiable fault zones 
could also be assessed using a sliding block search method.
Non-circular failure surface analysis using random, 
irregular surface generation was performed using the 
computer code STABL5 based on the Janbu simplified method of 
slices. Results from this analysis were used to assess and 
compare failure mode and most critical factor of safety for 
as-built slopes and sequentially excavated slopes against 
finite difference deformation analyses.
4.2.2 JANBU SIMPLIFIED METHOD
Janbu et al.(1956, 1973) published one of the first
methods analyzing non-circular slip surfaces for limit
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equilibrium slope stability analysis. The method involves 
dividing the two-dimensional sliding mass into a series of 
slices and resolving forces along the base of each slice. 
The factor of safety for a case of limiting equilibrium in 
plane strain is determined by the following relationship:
F = s/Ym (Eqn. 4.2)
where, s = shear strength along failure surface
Ym = mobilized shear stress along failure surface 
F = factor of safety
The value s is a function of the Mohr-Coulomb strength 
criterion: s = c + (cr„ - u)tan0 (Eqn. 4.3)
where, c = soil/rock cohesion at base of slice
ct„ = normal stress acting along base of slice 
u = pore water pressure at base of slice 
0 = angle of internal friction of soil or rock 
In the Janbu simplified method the interslice shear 
forces are assumed zero, opposing horizontal forces along 
the sides of each slice are considered equal and opposite, 
and only overall force equilibrium is satisfied. The same 
assumption utilized by Bishop's Simplified Method for 
circular failure surfaces results in identical normal forces 
at the base of each slice (Nash, 1987). Interslice shear 
forces may be implemented in the Janbu method to satisfy
both force and moment equilibrium of the sliding mass by
applying a correction coefficient, f o , to the force
equilibrium safety factor value. The value O f  f o ,
determined empirically by Janbu et al.(1956), is a function
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o£ material strength properties and failure surface 
geometry. Figure 4.9, taken from Nash (1987), summarizes 
the forces acting on a typical Janbu slice within a non-
circular sliding mass. Forces are resolved horizontally and 
vertically about the base of the slice and result in the 
following relation for force equilibrium factor of safety:
F = E (cl + (W - ul )cosatan<*)seca/EWtana (Eqn. 4.4)
where, F = force equilibrium factor of safety 
1 = length of base of slice 
W = weight of slice
a = angle of base of slice to horizontal 
Figure 4.10 shows the Janbu chart for determining the value 
of f0 applied to the force equilibrium factor of safety 
value to account for interslice forces in the Janbu 
simplified. Since the consideration of interslice forces by 
utilizing the Janbu coefficient will always result in a 
greater factor of safety, the use of this factor is 
generally not implemented for conservative slope 
evaluations. This method is easily performed by hand, yet 
is amenable to computer applications where many surfaces can 
be examined for a critical factor of safety value.
4.2.3 LIMIT EQUILIBRIUM COMPUTER CODE
Critical failure surfaces within the Northern Belle 
south wall slope were examined using the random, irregular
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JANBU'S SIMPLIFIED METHOO
Failure is assumed to occur by sliding of a block of soil on a non-circular slip surface. By examining 
overall force equilibrium an expression for factor of safety is obtained. It is assumed that the interslice 
shear forces are zero, but a correction factor is introduced to allow for them.
For slice shown: at base -  total normal stress a. shear stress r, pore pressure u.
Failure criterion: s « e '  +  (o -u ) tan <b'
Mobilized shear strength r » s / F  where F  is factor of safety.
Now P = at T  «  t I so 7  « ■— Ic 'l+ lP -u l)  ta n « ') (1)
Resolve vertically: P c o s a - Tsina * W - IX m -X ^
Assume X L« X «»0 li.e. interstice forces horizontal)
Rearranging and substituting for T gives
pm f W -  — (e '/s in a -u / tano'sino)]/m. (2)
tano’
where m,  *  cosal 1 * tana ——  )
Resoive parallel to Base of slice: 7- ( £ * - £ . )  co sa »  ( t V - ( X « -X J  )sina 
again assume X L» X « » 0: rearrange, and substitute for 7
so £ « - £ . «  IVtana -  — lc7->-|£-u/)tano'! seca (3)
Overall FORCE equilibrium:
In the absence bf surface loading C  (£« -£ ,.)  =  0 (4!
so r i f a - e j - C V V t a n a -  — 2 (c 7 +  (£ - u/ltanqi')seca = 0 (5)
_ 2 (c7+ (P-u/)tan«T) seca
whence F0 =* -------------------------------------------------  (6)
2  Wtana
To take account of the interslice shear forces. Janbu era/, applied a correction factor f„ (see Figure 
2.241
where F, * £„ (7)
Note In their onginal formulation. Janbu er a/, eliminated P and obtained the expression
2 (c 'b -M W -u O lta n o 'l/n ,F m -----------------
Z Wtano
in which n , » cosa.m„
Both these expressions are equivalent to  the expression for F, (Figure 2.20 equation (9) I obtained by Fredlund 
and Krahn bv resolving verticaHy and honzontaUy for each slica.
Figure 4.9. Formulation of the Janbu Simplified 
Method of Slices (from Anderson and 




routines may initiate or end between end points designated 
by the user and are not restricted to depth limiting 
tangents or specific initiation points at the surface. The 
path of the generated failure surface may be controlled by 
the user as well to account for limiting geologic 
boundaries, and to eliminate any unreasonable failure 
surfaces generated in a search.
Figure 4.11, taken from the STABL manual (Siegel, 
1975), shows an example problem of a desiccated clay soil 
with a static water table overlying an irregular bedrock 
surface. Figure 4.12 shows how this problem is modeled by a 
series of boundaries defining the slope geometry, water 
table, and bedrock unit. Material properties are assigned 
to the soil, initiation and termination point ranges are 
designated at the base and crest of the slope for a critical 
failure surface search, and depth limits for the failure 
surface search are designated by the bedrock unit boundary. 
Figure 4.13 shows the location of the ten most critical 
failure surfaces using the random irregular surface search. 
The location of the most critical surface can be refined by 
reducing the width of the initiation and termination point 
ranges.
The random, irregular surface search routine makes use 
of a pseudo-random number function which generates real 
numbers in the range of 0 to 1 (Boutrop and Lovell, 1979). 
All failure surfaces are composed of a series of straight 
line segments. The first line segment generated from an
■
Desucotion Iraon  Crocks
Figure -̂.11. Field Conditions for STABL Example Problem (from Siegel, 1975)-
Figure 4.12. Linear Approximation of Field Conditions in STABL 
Example Problem (from Siegel, 1975)-
Figure 4.13. Ten Most Critical Failure Surfaces from STABL 
Example Problem (from Siegel, 1975)*
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initiation point is chosen randomly between two specified 
direction limits. From that point on, the direction of the 
succeeding line segments are chosen randomly within limits 
determined by the direction of the preceding line segment 
(Boutrop and Lovell, 1979). Unreasonable generation of line 
segment directions are controlled within the STABL5 code.
The STABL5 code is well-suited to perform limit 
equilibrium stability analyses on the heterogeneous rock 
mass conditions of the Northern Belle pit. Complex slope 
geometries, irregular distributions of abandoned workings, 
fault zones, and variable rock mass units can be represented 
easily within the model. Several modes of failure, whether 
controlled by fault zones, abandoned workings, or both, may 
be investigated for the most critical failure condition 




5.1 OBJECTIVES FOR STATIC SLOPE ANALYSIS
The efforts to assess the effect of abandoned workings, 
joint fabric, and shear zones on the static slope stability 
of the Northern Belle pit slopes were conducted to evaluate 
the conditions outlined in Section 1.1, Purpose and Scope of 
Study. The explicit finite difference numerical model, 
FLAC, and the limit equilibrium model based on Janbu's 
simplified method of slices, STABL5, were implemented to 
model rock mass behavior of as-built slopes, sequentially 
excavated slopes, and generalized slopes. This section 
describes the methods involved in modeling slope conditions 
of the Northern Belle pit through FLAC and STABL5.
5.1.1 ASSUMPTIONS AND IDEALIZATIONS
The complex nature of the rock mass and field 
conditions required simplifying assumptions and
idealizations of these conditions applied to the computer 
models. Assumptions made for both models were as follows:
(1) Slope excavation is instantaneous.
(2) Slope face blast effects are not considered.
(3) Plane strain conditions prevail.
Significant fault zones considered strike within ±20° 




(5) Abandoned adits and drifts within the Northern Belle 
pit slopes are 3 meters in diameter.
(6) Distribution of st.opes, open or backfilled, are 
partially inferred.
(7) Mohr-Coulomb yield criterion governs rock mass 
behavior.
(8) Strength properties remain constant for each rock unit 
or fault zone.
(9) Dry conditions prevail within all slopes.
Assumptions unique to the limit equilibrium slope models
include the following:
(1) In-situ stresses and horizontal stresses are not 
considered.
(2) Sress-strain relationships are not considered.
(3) Rock mass strength properties are reduced to joint 
strength values since failure is assumed to occur on 
joint discontinuities.
(4) Anisotropic strength properties are not considered 
within individual rock mass units.
(5) No external loads or stresses are applied to model.
Assumptions unique to the numerical model include the
following:
(1) Initialized stresses in slopes are based on gravity 
loading of original topographic surface only.
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Tectonic stresses are not considered.
(2) A unique set of rock mass joints are considered. The 
effect of relic bedding and other, less persistent 
joint sysytems are reflected in reduced rock mass 
modulus and cohesion values.
(3) Time-dependent creep deformation along joints is not 
considered.
(4) Due to problem size and limited computer time and 
capacity, a condition of static equilibrium is con-
sidered present when maximum unbalanced forces attain 
some constant, sustained value, often up to 1MN.
(5) A condition of slope failure is assumed to exist when 
the unbalanced forces fail to converge to some minimum 
sustained value and/or if model gridpoints overlap 
into adjacent grid zones.
5.1.2 SELECTION OF CRITICAL PIT CROSS SECTIONS
Two-dimensional computer models were based on cross- 
sections through the Northern Belle pit encompassing the 
present pit slope configuration, as well as the end-of-pit 
configuration. The trace of cross section A-A' (Figure 
2.10) includes the present, as-built slope geometry and rock 
conditions in close proximity to in-situ test locations. 
The end-of-pit cross section trace C-C' (Figure 2.11) 
includes the deepest portions of the pit in the area of 
greatest concentration of abandoned underground workings. 
Sequential excavation along the trace of section C-C' was
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examined to assess the effect of fault zones and abandoned 
workings on slopes during the deepening of the pit in this 
region.
5.1.3 MODELING SEQUENCE
5.1.3.1 EXPLICIT FINITE DIFFERENCE MODEL (FLAC)
The FLAC model utilized for as-built slopes, 
sequentially excavated slopes, and generalized slopes 
consisted of a grid mesh representation of the region to be 
excavated with explicitly defined rock mass units, fault 
zones, underground workings, and surface topography. Input 
files used to generate the FLAC results are presented in 
Appendix C. A generalized modeling sequence summary for 
FLAC models used in this investigation is presented in Table
5.1.
5.1.3.1.1 AS-BUILT SLOPE
Initial stresses in the as-built slope model were 
generated by applying gravity loading to the topographic 
profile of the hillslope prior to excavation. Lower-bound 
strength values of the Candelaria formation (Table 3.2, L- 
CND properties) were assigned to the rock mass material and 
appropriate material properties were applied to fault zones 
present in the model. Time-step calculations on the model 
were continued until a condition of static equilibrium was 
attained. The development of initial stresses within the 










GENERALIZED MODELING SEQUENCE SUMMARY FOR FLAC
Step Description
Create Mesh Representing Topography and 
Geologic Structure of Hillside Region 
to be Excavated.
Assign Appropriate Material Model and 
Properties to Rock Units and Fault 
Zones.
Turn Gravity on to Initialize Gravity 
Stresses in Hillside.
Time-step to a Condition of Static 
Equilibrium.
Simulate Slope/Opening Excavation by 
Creating Null Zones in Model Which 
Conform to Excavation Geometry.
Time-step to a Condition of Static 
Equilibrium.




relief when a slope is subsequently excavated. Figure 5.1 
demonstrates the initial topographic condition of section C- 
C* modeled by FLAC.
Due to scaling complications, the excavated slope was 
separated into three different models to include, more 
realistically, the geometry and scale of the abandoned 
workings near the slope face. These models represent upper, 
middle, and lower portions of the overall slope where 
appropriate. Representations of these partitioned slope 
models for section C-C’ are shown in Figures 5.2a and b. 
Initial stress distributions determined from the original 
hillslope model were loaded into the partitioned slope 
models prior to excavation as appropriate. Excavation of 
abandoned workings and slope face was then simulated by 
creating null zones within the finite difference model which 
conformed to the geometry of the excavated structures. 
Boundary conditions were set accordingly, and time-step 
calculations proceeded until a state of static equilibrium 
had been determined.
5.1.3.1.2 CONTRIVED SEQUENTIAL EXCAVATION
Sequenced slope excavation along section C-C' was 
performed in much the same manner as for the as-built slope 
of section A-A'. Slopes of 91,183, and 274 meters intersect 
the rock mass progressively deeper into the hillslope as may 
occur during actual excavation of the pit in this area. In 
this way, the effects of varying rock mass structure on
JOB TITLE : Initial State Under Gravity Loading for N. Belle Pit Section C-C' 
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Figure 5.1. Original Surface
Topography and Geologic 
Structure Modeled by FLAC 
Through Section C-C'.
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slope deformation for increasing pit depth could be 
examined.
5.1.3.1.3 GENERALIZED SLOPE
The purpose of the generalized slope model was to 
assess general, overall slope behavior in response to 
varying rock mass material and structural conditions for 
applications to slope conditions not specific to the 
Northern Belle pit. To accomplish this, an excavated rock 
slope inclined at an angle of 51° to a height of 305 meters 
was examined. Stresses were initialized, slopes and
underground workings were excavated, and a condition of 
static equilibrium was determined in much the same manner as 
for the site specific simulations. Here, however, the 
complete slope was represented in a single model to 
facilitate overall slope behavior at large distances from 
the slope face.
5.1.3.2 LIMIT EQUILIBRIUM MODEL
The STABL5 limit equilibrium model approximated the 
excavated slope conditions for as-built slopes, sequentially 
excavated slopes, and generalized slopes. Surface 
boundaries and material property boundaries were 
approximated by a series of line segments scaled on an X-Y 
grid. Appropriate material properties were assigned to the 
region vertically below each line segment. Input data files 
to generate STABL5 results are presented in Appendix C. A
generalized modeling sequence summary for STABL5 used in 
this investigation is presented in Table 5.2.
5.1.3.2.1. AS-BUILT SLOPE
Slope geometry and rock mass conditions encountered 
through section A-A' of the as-built Northern Belle pit were 
modeled. Direct shear strength envelope parameters for rock 
mass joints and fault gouge material were used to represent 
material strength characteristics for the appropriate rock 
mass units and shear zones within the excavated south wall 
slope.
Initially, random non-circular failure surface search 
routines were initiated for the overall slope using a wide 
search range of slip plane initiation and exit points. 
Narrower search ranges were used in succession as the 
iterative search method converged to a critical failure 
surface representing the lowest factor of safety. Block 
failure surface searches were conducted as well, where shear 
zones close to the slope face may serve to control overall 
slope failure. Failure surface searches were also 
implemented in the upper and lower bench regions to 
determine stability in those areas.
5.1.3.2.2. CONTRIVED SEQUENTIAL EXCAVATION
Geometry and rock mass conditions represented in finite 
difference models for sequential pit depth increases along 
cross section C-C' were generated in STABL5 slope models
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TABLE 5.2
GENERALIZED MODELING SEQUENCE SUMMARY FOR STABL5
Stej3 Step Desc.ri.Bti,on.
(1) * Create Scaled Representation of Surface
Geometry and Geologic Material Boundaries 
of Excavated Slope on X-Y Grid.
(2) * Assign Strength Properties Below Each
Surface and Material Boundary Based on 
Mohr-Coulomb Shear Strength for Rock Mass 
Joints and Fault Gouge Where Appropriate.
(3) * Define Range of Failure Surface
Initiation and Exit Points Where 
Appropr iate.
(4) * Initiate Iterative Non-Circular Failure
Surface Search Within Defined Ranges.
(5) * Refine Search Range and Converge to a
Critical Failure Surface and 
Corresponding Factor of Safety.
(6) Assess Results.
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(Figure 5.3). The procedure for failure surface searches 
used for the as-built slopes was repeated for the 
sequentially excavated slopes.
5.1.3.2.3. GENERALIZED SLOPES
A generalized slope study was performed to assess the 
effect of opening distribution and shear zone location on 
failure path. Slope geometry and rock mass conditions 
represented in finite difference models were duplicated for 
limit equilibrium models. Varying distribution of opening 
and shear zone locations were used to assess the locations 
of critical failure surfaces and their corresponding factor 
of safety. Iterative, non-circular searches were conducted 





Figure 5.3. Geometry and Rock Mass Conditions Through Section C-C', H=l83 meters. voVjJ
CHAPTER VI
RESULTS OF SLOPE ANALYSIS
6.1 AS-BUILT SLOPE ANALYSIS
Finite difference modeling results of the as-built 
slope configuration of the Northern Belle pit south wall 
include stress distributions and deformations for upper, 
middle, and lower sections of the overall slope. Limit 
equilibrium modeling results consider the factor of safety 
based on Janbu's method of possible failure surface paths 
within the overall slope and within individual bench 
sections of the slope. Overall slope height considered was 
128 meters at an overall angle of 48° based on the design 
pit configuration of November 1988. Slope geometry relative 
to original topography is defined in Figure 2.10.
6.1.1 SLOPE DEFORMATION AND STRESS DISTRIBUTION (FLAC)
Due to FLAC model size limitations for scaled 
representation of important structural features, the as- 
built slope was partitioned into upper,middle, and lower 
section models. These partitioned models represent portions 
of the slope extending some 70 meters in height and some 70 
meters behind the slope face. Initial stresses were 
assigned to grid zones based on results from the original 
gravity loaded hillside model. Model boundaries within the 
rock mass were fixed, while boundaries representing
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topography or excavated surfaces were kept free.
The FLAC model results indicate that joint failure, 
shear stress build-up, lateral strains, and tensile stresses 
are greatest within the slope where abandoned workings are 
within a few meters of the slope face. Displacement of rock 
material into stopes and drifts near the slope face 
undermine slope benches above these features and may 
contribute to isolated collapse of the slope benches. 
Collapse of workings is most likely expected during, or soon 
after, detonation of blast charges near the areas of 
concern. No significant fault zones were encountered 
through this section that would contribute to additional 
shear stress build-up and lateral strains within the slope. 
Finite difference model results indicate no development of 
defined planes of shear stress concentration and lateral 
strain build-up within individual slope section models.
The FLAC model indicates that overall instability of 
the as-built slope is not significantly effected by the 
existing distribution of abandoned workings present within 
the slope. However, isolated bench failure, ravelling, and 
rock topples are likely in areas where shear stresses, 
lateral strains, and tensile stresses near the slope face 
are increased due to the presence of abandoned workings.
Appendix D, Figures D-l through D-6, presents FLAC 
results for partitioned slope models. Appendix figures are 
labelled a, b, and c for upper, middle, and lower slope 
sections, respectively. Figure D-l is a plot of maximum
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unbalanced force vs. time-step for each model, the static 
equilibrium condition has been assumed for a condition of 
maximum unbalanced force of some 10s Newtons. The physical 
conditions at this assumed condition of static equilibrium 
are presented in Figures D-2 through D-6.
Figure D-2 depicts the discretized representation of 
each model as well as the ubiquitous joint behavior. Joint 
behavior is solely a function of stress state at the time- 
step where static equilibrium has been assumed. Ubiquitous 
joints at yield based on the stress state at a previous 
time-step may have returned to the elastic state under the 
state of stress for the current time-step. From the model 
results, plastic yield of joints is related to regions of 
shear stress and lateral strain build-up in the vicinity of 
abandoned workings.
Figures D-3 through D-5 relate the distribution of 
shear stresses, tensile stresses, and lateral strains (via 
lateral displacement contours) within slope models, 
respectively. Figure D-6 depicts displacement vectors for 
each model with maximum displacements recorded on the plots. 
Displacement vector orientation is largely a response to 
stress-relief effects subsequent to slope excavation as well 
as a response to strain build-up around abandoned workings.
Due to plane strain assumptions, adits portrayed in 
middle and lower portions of the as-built slope have the 
unfortunate effect of implying that these features are 
laterally infinite. The version of FLAC used here does not
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acknowledge axisymmetric conditions of openings where out-of 
-plane stresses and lateral confinement is considered. This 
condition results in the production of unrealistic joint 
yield, strains, and shear stresses around adit features. 
Consideration of this condition was taken into account when 
assessing the results of these models.
6.1.2 POTENTIAL FAILURE PATHS (STABL5)
Critical, non-circular failure surfaces for the as- 
built south wall slope were determined by limit equilibrium 
methods using the program STABL5. Factors of safety for 
generated failure surfaces based on the Janbu simplified 
method of slices were determined.
Results were based on the assumption that rock mass 
strength is a function of rock joint strength envelopes 
determined for the Candelaria formation. As with FLAC 
results for stress-strain analysis, plane strain assumptions 
for the limit equilibrium model provide no limit to the 
lateral extent of adits. For the STABL5 models, however, 
this condition had little effect on the path of generated 
failure surfaces and corresponding factors of safety.
- STABL5 output results are presented in Appendix E. 
Figures E-la through E-lf depict STABL5 output for the most 
critical failure surfaces generated for the as-built slope. 
Figures E-la,b contrast the failure path and factor of 
safety for the overall slope containing no openings with 
that of the actual slope conditions containing abandoned
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workings. The presence of abandoned workings reduces the 
factor of safety by some 19% from the no-opening condition. 
Both conditions reflected a factor of safety above unity, 
indicating a generally stable slope condition.
Similar comparisons were assessed for failure paths 
examined within upper and lower slope benches (Figures E-lc 
through E-lf). A more significant contrast in failure path 
and factor of safety for these regions was noted. The 
factor of safety values for the "no-openings" case were 
reduced by some 49% to 59% when openings were introduced.
Based on the results of the FLAC stress-deformation 
analysis in addition to limit equilibrium findings for the 
as-built slope, assessment of the safety factor and failure 
path for individual benches or bench groups may have more of 
an impact on mine operations than stability assessment of 
the overall slope exclusively. Results of the limit 
equilibrium analysis for the as-built south wall of the 
Northern Belle pit are summarized in Table 6.1.
6.2 SEQUENTIAL EXCAVATION ANALYSIS
Examination of sequenced excavation along cross section 
C-C' was performed based on the end-of-pit design for the 
Northern Belle pit south wall. Deepening of the pit into 
the rock mass to the final design configuration was 
simulated using overall slope heights of 91, 183, and 274 
meters at a constant design angle of 51°. Slope geometry 
relative to original topography and geologic conditions is
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TABLE 6.1
STABL5 Factor of Safety Results for As-Built Slope
Location of Search ODenincrs Considered F.S.
overall slope yes 1.068
overall slope no 1.324
upper benches yes 0.762
upper benches no 1.561
lower benches yes 1.078
lower benches no 1.830
TABLE 6.2
STABL5 Factor of Safety Results for Section C-C* Slopes 
Location/Type of Search SloDe Heiaht ODeninas F.S.
overall slope/block 91m no 0.580
upper bench/irregular 91m no 1.311
lower bench/irregular 91m no 1.802
overall slope/block 183m yes 0.534
overall slope/block 183m no 0.520
overall slope/irregular 274m yes 0.649
overall slope/irregular 274m no 0.729
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defined in Figure 2.11.
Finite difference modeling examined stress
distributions and deformations for slopes of 91 and 183 
meters in height. Limit equilibrium modeling considered 
critical failure surfaces and corresponding factors of 
safety for rock mass conditions encountered for overall 
slopes of 91, 183, and 274 meters in height.
6.2.1 SLOPE DEFORMATION AND STRESS DISTRIBUTION (FLAC)
6.2.1.1 SLOPE HEIGHT = 91 METERS
The benched slope height of 91 meters through section 
C-C' is excavated into units of the Pickhandle formation, 
considered the weakest unit within the Northern Belle pit. 
The south branch of the Candelaria fault lies some 10 to 20 
meters behind the slope face at an orientation roughly 
coincident with the slope face. No abandoned workings were 
encountered in this area.
FLAC output for analysis results of the 91 meter-high 
slope is found in Appendix D, Figures D-7a through D-7f. The 
model results indicate that material yield, shear stress 
concentration, and lateral strain build-up along the 
Candelaria fault zone is contributing to accelerated lateral 
movement and instability of the rock mass between the fault 
zone and the slope face. Maximum lateral displacement of 
some 13cm occurs above the toe of the lowest bench. Tensile 
stresses are developed behind the crest of the slope, 
indicative of tension crack development, and near the base
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of the slope.
Rock mass deformation and shear stress concentration is 
largest near the toe of the slope. A failure surface for 
the overall slope may be inferred along the fault zone and 
through the toe of the slope based on FLAC results. 
Although signs of instability are evident from these 
results, a condition of stable equilibrium is present for 
this model none-the-less. A number of factors not addressed 
in the FLAC model may contribute to the eventual failure of 
the slope, including creep along yielding joints and faults, 
dynamic loads, or pore water pressures.
6.2.1.2 SLOPE HEIGHT = 183 METERS
The benched slope for the 183 meter-high slope along 
section C-C* was partitioned into upper and lower slope 
sections to more accurately represent fault zones and 
abandoned workings. The Johnnie fault lies some 40 to 50 
meters behind the slope face with underground openings and 
backfilled stopes present on either side of the fault and 
near the slope face. The slope model lies within units of 
the Pickhandle formation.
Output from FLAC relating the physical conditions of 
the slope under assumed static equilibrium conditions are 
presented in Figures D-8 through D-13. Upper and lower 
sections of the slope modeled are presented as Figures a and 
b, respectively.
The slope model reflects the behavior of the rock mass
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with both fault zones and underground workings present in 
the slope. For the assumed condition of static equilibrium 
(Figures D-8a,b), results indicate that total yield has 
occurred within the Johnnie fault zone as well as joint 
yield in the rock mass adjacent to the fault, bench faces, 
and abandoned workings (Figures D-9a,b). Shear stress and 
lateral strains are concentrated along the fault zone and 
around underground workings (Figures D-10 and D-12, a and 
b). Tensile stresses are greatest near the crest of the 
slope, adjacent to bench faces, and in the vicinity of 
abandoned workings (Figures D-lla,b).
Maximum lateral displacement of the rock material of 
some 300cm was noted at the toe of the second bench from the 
bottom of the pit (Figure D-12b). This condition of large
strain seems to indicate possible failure at this location 
where the slope intersects a series of drifts and stopes 
adjacent to the Johnnie fault zone. A potential failure 
surface may be inferred from FLAC results along the Johnnie 
fault zone and through the network of abandoned workings to 
the slope face, some 20 meters above the bottom of the pit. 
Although the FLAC model reached a state of stable
equilibrium, significant signs of instability, due to the 
presence of abandoned workings and the Johnnie fault, are 
evident within this slope.
6.2.2 POTENTIAL FAILURE PATHS (STABL5)
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Limit equilibrium and stress-strain finite difference 
methods were used to assess the effect of abandoned 
underground workings on pit slope stability of the Northern 
Belle pit, Candelaria mine. Excavation into hillslopes 
containing networks of drifts, stopes, and adits was 
simulated for a site specific, as well as generalized, slope 
analysis.
Results indicate that the presence of abandoned 
workings near slope face contributes to significant tensile 
and shear stress development within the relatively weak rock 
units present. Isolated bench failure, rock topples, and 
ravelling of slopes in response to these stresses may be 
expected during excavation operations. Overall slope 
instability does not appear to be greatly effected by the 
known distribution of abandoned workings. Instability of 
overall slopes was found to be controlled primarily by fault 
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Most conventional applications of slope stability 
analysis to rock slopes assume potential failure paths will 
pass through predetermined planes of weakness within the 
rock mass or, if sufficiently weak, through the rock matrix 
itself. In the case of the Northern Belle pit, Candelaria 
Mine, the presence of numerous abandoned underground tunnels 
and stopes presently complicate such routine slope stability 
assessment. Scant documentation exists on the distribution 
and size of open voids and backfilled areas within the area 
to be excavated. These abandoned workings may, however, 
serve to control failure paths within individual benches or 
overall slopes, as these features possess low to zero shear 
strength as compared with the undisturbed portions of the 
slope (Watters, 1988).
Slopes presently excavated into the south wall of the 
Northern Belle pit at heights of up to 125 meters already 
have shown signs of instability related to the presence of 
the abandoned workings. As ultimate pit slopes will reach 
heights approaching 366 meters with overall slope angles 
between 48 and 55 degrees, an evaluation of the effects of
2
these and other geologic structures on overall pit slope 
stability is made here to assess whether redesign of the pit 
slopes is necessary to ensure stability to the design pit 
depth. At a more fundamental level, the affect of 
underground workings on stress distibution in slopes will be 
appraised.
1.1 PURPOSE AND SCOPE OF STUDY
With the advent of heap-leach methods for extracting 
gold and silver from low-grade ore in the western U.S., 
massive open pit mining of ore bodies containing abandoned 
underground mines has become increasingly common. The 
influence of irregularly distributed voids on open pit slope 
stability is not a problem where a wealth of experience 
exists. Conventional limit equilibrium methods for slope 
stability analysis are not designed to account for changes 
in the stress state induced in the slope by the presence of 
underground workings or rock mass discontinuities. These 
methods when applied to such a system may produce erroneous 
results which, if taken at face value, may lead to an overly 
conservative or potentially dangerous pit slope design.
The uncertainties involved in slope stability analysis 
are numerous. The variation in geomechanical properties 
within the geologic media to be excavated is difficult to 
characterize. This is especially true in the vicinity of an 
ore body where mechanical properties and lithology change 
drastically within short distances, and information on
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important geologic structures and underground workings is 
incomplete. Despite these uncertainties, progress can be 
made toward useful results and interpretations from slope 
stability analyses, provided the variation in essential 
geomechanical features are recognized and incorporated in 
such studies.
It was the purpose here to examine the mechanical 
effect of abandoned underground workings and material 
property variations on the present slope design of the 
Northern Belle pit. Slope models based on two-dimensional 
limiting equilibrium and explicit finite difference methods 
were used to assess the physical condition of the slopes 
given the rock mass material property information.
Comparison of the slope model results were assessed to 
evaluate the following:
a) failure path sensitivity to underground workings and 
and fault zones
b) deformation and stress state of excavated slopes
c) safety factor for overall slopes
d) material parameter sensitivity effects
e) any need to redesign anticipated pit slope configurations





d) evaluation of computer model results
The field study consisted of site reconnaissance to 
assess the conditions of the as-built pit slopes and stable 
underground workings; testing for values of in-situ Young's 
modulus of deformation, E; sampling of representative intact 
rock, joints, and fault gouge for laboratory testing; and 
research/map-checking of existing geologic maps, as well as 
maps delineating underground workings and rock mass 
structure.
The laboratory study consisted of direct shear testing 
of rock joints and fault gouge, and triaxial testing and 
unconfined compressive strength testing of intact rock 
cores.
The computer modeling utilized both two-dimensional 
limit equilibrium (STABL5) and explicit finite difference 
(FLAC) codes. Selected pit cross-sections for both as-built 
and end-of-pit configurations were selected based on the 
"worst-case" distribution of underground workings and fault 
zone orientations. Modeling of sequential pit slope 
excavation was conducted in presently unmined areas most 
affected by the presence of open and backfilled drifts and 
stopes. Pit slope behavior affected by varying material 
properties, distribution of open voids, and location of 
fault zones was evaluated by way of a generalized slope 
model. This model was based on the design slope
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configuration for overall height of 305 meters.
It is anticipated that results from this site specific 
study may be utilized in stability assessment of 
geomechanically complex hard rock slopes in both mining and 
civil works.
1.2 FIELD AREA
The Northern Belle pit is part of the Candelaria mining 
district which is presently owned and operated by NERCO 
Minerals Company. Two other open pit operations, the Mount 
Diablo and Lucky Hill pits, are currently at advanced stages 
in their development to the south of the more recent 
Northern Belle operation.
The NERCO property is located some 64 km southeast of 
Hawthorne, Nevada within the Candelaria Hills of southeast 
Mineral county, Nevada (Figure 1.1). The ghost town of 
Candelaria is located at the foot of the northern slope of 
the Candelaria Hills and below the present south wall of the 
Northern Belle pit. The hillsides are steep and bare, 
trending generally east-west. The elevation over the mine 
site ranges between 1700 and 2000 meters above sea level.
The climate is arid with annual accumulations of
precipitation less than seven inches and temperatures
ranging above 100°F in the summer to below OOF in the
winter.
The Candelaria mining district was first established in 
1863 when a company of Spaniards discovered silver veins in
6
VICINITY MAP
Figure 1.1. Vicinity Map of the Candelaria Mine 
Area.
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the Candelaria Hills (Page,1959). Subsequent levels of 
mining activity in the area resulted in the development of a 
complex network of drifts, stopes, adits, and shafts which 
followed high-grade ore veins in the vicinity of the present 
Northern Belle pit. The chief metal yielded from the mines 
included silver and lesser amounts of gold, copper, lead, 
zinc and antimony.
The final phase of underground mining came to an end 
when the mill at Candelaria was closed in 1925. The town of 
Candelaria was subsequently abandoned. Since that time, 
various mining companies have attempted reworking waste rock 
material and extending existing adits with limited success. 
Open pit mining in the vicinity of the abandoned underground 
workings commenced in the late 1970’s and has continued to 
the present.
1.3 PREVIOUS WORK
Stability assessment of the as-built pit slope walls 
and long-term slope design for the Candelaria mine was 
performed initially for the Lucky Hill and Mount Diablo pits 
by Watters (1986). Further pit evaluation, including the 
initial Northern Belle pit slopes, was conducted again by 
Watters (1988). These investigations involved structural 
evaluation of joint and fault orientations within the rock 
mass, strength index testing of intact material, shear 
testing of representative joints and fault gouge material, 
limit equilibrium slope stability assessment of planar,
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stepped, and circular failure, and probabilistic 
determinations of slope failure possibilities. Based on 
this analysis, pit slope angles for each rock unit 
encountered over, the mine site was recommended.
Classical limit equilibrium slope stability analysis 
and slope monitoring techniques for hard rock open pit mines 
is discussed in detail by Hoek and Bray (1981). Stability 
evaluations discussed are commonly based on failure through 
an identifiable or assumed plane of weakness such as a joint 
surface, bedding plane, or fault zone.
Pariseau (1972) utilized elastic-plastic finite element 
analysis to evaluate material parameter sensitivity effects 
on element yield for an open pit mine. Effects of closely- 
spaced joints and fault location on yield and safety factor 
within the pit slope for various pit slope heights and 
inclinations were modeled as well. This study was one of 
the earliest applications of the finite element method to 
pit slope stability.
Zienkiewicz and Pande (1977) examined non-linear finite 
element models which incorporated multiple joint planes in 
to the rock mass under study. This idealization allowed for 
time dependent deformation to occur in several separate 
joint systems using a simple visco-plastic model. This 
model was used to examine the geomechanical behavior of a 
tunnel excavated into a severely jointed rock slope.
H u  (1979) examined non-linear numerical simulation of 
sequential mine slope excavation into a highly anisotropic
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rock mass. Liu recognized that as staged excavation 
proceeded, changes in stress state (stress readjustment), 
local failure and accumulated deformation contributed to the 
process of gradual and progressive overall slope failure.
Cundall (1976) and Itasca Consulting Group3- (1989 ) have 
more recently examined explicit methods for modeling jointed 
rock systems as distinct elements of discrete blocks within 
a discontinuum model and ubiquitous joints within a finite 
difference continuum model. All authors involved with the 
development and implementation of numerical simulation of 
geomechanical behavior acknowledge the numerous 
complications involved in modeling geologically complex rock 
masses.
Cotton and Matheson (1989) recently looked at the 
effect of abandoned underground workings on floor and slope 
stability of a relatively shallow open pit gold mine. They 
found that stopes and drifts larger than three meters in 
diameter would cause instability and collapse of a pit slope 
or floor if some minimum thickness was breached between the 
opening and the pit surface. Instability was determined 
from regions of tensile stress propagating from the stope to 
the pit surface. It was suggested that a safe thickness is 
mainly a function of the blasting practices used for pit 
development.
Detection of abandoned underground mines by geophysical 
methods has been used in a study by Ghatge and Waldner 
(1989). Geophysical detection of open stopes and drifts may
10
help delineate subsurface structures which may be avoided or 
anticipated during open pit development. Knowledge of 
abandoned mine workings in this manner would be critical 
information to include into a slope stability study for an 
open pit mine to be excavated into such conditions.
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CHAPTER IT
SITE GEOLOGY AND DEVELOPMENT
2.1 REGIONAL GEOLOGY
The Candelaria hills lie within the western margin of 
the Basin and Range Province. The rocks exposed within this 
region generally consist of a thick sequence of Paleozoic 
and Lower Mesozoic sedimentary and meta-sedimentary rocks 
capped by Cenozoic volcanics. Mesozoic intrusions of basic 
and felsic dikes, as well as granitic rocks, locally 
interrupt the sequence of pre-Cenozoic deposits.
The region including the Candelaria Hills is anomalous 
with respect to the surrounding Basin and Range structural 
features (Speed and Cogbill, 1979). Normal faults related 
to extensional forces within the Basin and Range Province 
trend east-northeasterly rather the more common north- 
northeasterly structural fabric. Normal faults in the 
region also express a significant strike-slip component not 
characteristic of normal faults within the rest of the 
province. Surface rupture in the 1934 Exselsior Mountain 
earthquake (M=6.3) some 17km northwest of Candelaria, in 
addition to numerous earthquake events of lesser magnitude, 
indicate the relatively high degree of crustal movement 
still present in the area (Speed and Cogbill,1979).
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2.2 SURFACE GEOLOGY
The topographic features of the Candelaria Hills area 
are anomalous to the generally well-defined linear valleys 
and ridges of the rest of the Basin and Range. Squarish 
troughs bounded by steep, uplifted mountain blocks and 
subtle, gently rolling hills are the principal geomorphic 
features in the area. Basaltic and rhyolitic flows cover 
the shallower rises and are broken by steep gorges, gullies, 
and abruptly faulted hillsides. Colluvial deposits, mainly 
composed of blocky volcanics, thinly mantle the sides of the 
steeper hillsides. Finer-grained alluvial deposits fan-out 
from the mouths of steeply-incised gorges at the base of 
hillsides and interfinger with lacustrine deposits to create 
basinal fills.
Alluvium-filled stream drainages are typically dry and 
mainly serve to channel away rapid run-off during summer 
thunderstorms. No surface water was present near the site at 
the time of field visits. The static ground water table is 
at great depths below the ground surface and is not a factor 
in the open pit mine development. Perched groundwater 
infiltrating into joints and fissures from the top of slopes 
during rainstorms of periods of snow melt maybe a factor in 
localized pore water pressure increases within the slope. 
Precipitation amounts, however, are generally too small to 
significantly effect overall pit slope stability.
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2.3 SUBSURFACE GEOLOGY
The rock assemblage into which the Northern Belle pit 
is to be developed is composed of a suite of allochthonous, 
meta-sedimentary and meta-igneous rocks which are cross-cut 
by numerous thrust, reverse, and normal faults. These units 
are capped by a sequence of Quaternary volcanics which 
themselves have been displaced by normal faulting. A 
generalized stratigraphic column for the Northern Belle pit 
area is given in Figure 2.1.
The oldest rock assemblage to be exposed in the 
Northern Belle pit is the Palmetto complex. This unit is 
Ordovician in age and is part of the Roberts Mountain 
allochthon. The Palmetto complex is composed of 
argillaceous chert and shale with thin beds of dolomite. 
The rocks within the complex are characterized by wavy, thin 
beds with closely spaced cross joints that are normal to 
stratification (Page,1959). The Palmetto complex is 
considered one of the strongest units with regard to slope 
stability.
The Permian Diablo formation is a thin, discontinuous 
layer of angular sandstone, or ’grit', which unconformably 
overlies the Palmetto complex. This unit is important as a 
stratigraphic marker bed and as a marker bed for favorable 
ore horizons within the lower units of the Candelaria 
formation. Though highly resistant and strong, the Diablo 
formation is not considered in slope stability assessment 
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Figure 2.1. Generalized Stratigraphic Column for 
Northern Belle Pit Area.
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The Lower Triassic Candelaria formation is the 
predominant rock unit to be exposed in the development of 
the Northern Belle pit. The Candelaria formation is in 
unconformable contact at its base with the Diablo formation, 
where present, or in thrust or unconformable contact with 
the Palmetto Complex. The Candelaria rocks affected by 
metamorphism and hydrothermal alteration from periods of 
mineralization, are not similar to rocks of the formation 
elsewhere in the Candelaria Hills. The Candelaria formation 
exposed in the Northern Belle pit is composed primarily of 
argillite which varies from greenish-gray to tan in color. 
Relic bedding and laminae are often difficult to 
distinguish. The argillite is dissected by innumerable 
healed fractures. Strength of the argillaceous rock ranges 
from very resistant silicified zones to weak, fractured 
zones. The protolith elsewhere in the region is composed of 
shales with thin limestone interbeds.
The Triassic Pickhandle Gulch Complex is in thrust 
contact with the Candelaria formation. This unit is a 
chaotic melange of brecciated meta-sediments and meta- 
igneous rocks within a serpentinized matrix. The rocks of 
this complex are characteristically greenish-gray to dark- 
gray in color and are considered the weakest rock unit 
exposed in any of the Candelaria mines. Isolated bench 
failures that have occurred in the Mount Diablo and Lucky 
Hill pits have involved rocks of the Pickhandle Gulch 
complex. The Pickhandle complex will be an important slope
16
stability concern when exposed In the northern and eastern 
portions of the Northern Belle pit during future 
development.
Many strongly altered basic and felsic dikes occur 
within the mineralized zone of the lower Candelaria 
formation, and to a lesser degree within the Palmetto and 
Pickhandle Gulch complexes (Watters,1986). The alteration 
of these dikes has greatly reduced the available strength 
within these materials.
2.4 GEOLOGIC STRUCTURE
Figure 2.2 is a generalized geologic map of the 
Northern Belle end-of-pit development. Two main periods of 
deformation are evident. Initially, compressional tectonics 
during the Mesozoic era resulted in thrust faulting and 
reverse faulting of pre-Cenozoic rocks. During the Cenozoic 
era, east-west trending normal and strike-slip faults 
developed in response to Basin and Range extensional 
tectonics. These extensional features have displaced the 
earlier compressional features. Pre-Cenozoic compression- 
related faults and fractures within the Northern Belle mine 
area served as pathways for hydro-thermal fluid migration 
and subsequent mineralization. Many of these features 
contain the open and backfilled stopes developed by early, 
underground miners. Most notable of these is the Yankee and 
Sutherland faults, as well as the Pickhandle Gulch thrust. 
Clay gouge material from these mineralized faults often
17
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exhibit reduced shear strengths as compared to clay gouge 
material from other, unmineralized fault zones.
All faults within the Northern Belle pit area are 
inclined to the north or east at roughly 40° to 60°. 
Potential daylighting of fault structures striking sub-
parallel to the pit slope face, or wedge intersections of 
fault planes oriented obliquely to the slope face, is a 
critical concern with regard to pit slope stability.
Relic bedding, where present within the mineralized 
Candelaria formation, is inclined to the north at 20° to 
60°. Locally, beds are contorted and sheared by numerous 
faults, small shears and thrusts. The locally obscure 
nature of the bedding planes within the Candelaria formation 
precludes their geomechanical importance with regard to pit 
slope stability.
Jointing is pervasive throughout all rocks of the 
Candelaria district. When viewed as a whole, no dominant 
joint sets can be delineated throughout the mine area 
(Watters,1986). Within the Northern Belle pit, however, a 
relatively persistent joint set can be distinguished dipping 
into the present south wall slope face at roughly 70°. 
Equatorial stereonet plots developed from cell mapping of 
this area demonstrates this dominant jointing feature in 
addition to other diffuse discontinuity orientations present 
within the rockmass (Figure 2.3).
Mean Orientation of Poles to Joint Set
Used in N. Belle Pit Slope Models
Figure 2.3. Equatorial Steronet Plot of Poles 
to Discontinuity Planes for the Northern 
Belle Pit Area.
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2.5 PREVIOUS MINING ACTIVITY
The height of underground mining activity in the 
Candelaria district occurred from the 1870's to the 1920's. 
In 1922 and 1930, J.A. Burgess mapped surface geology and 
abandoned underground workings of the Northern Belle mines. 
His maps are unpublished, but remain the most comprehensive 
survey of the existing underground workings to date. Prior 
to open pit development in the late 1970's, maps of the 
Northern Belle mine area, based on Burgess's work and 
additional field work, were compiled by independent 
consultants.
Figure 2.4 shows in plan the intricate distribution of 
adits and drifts, as well as the location of footwall and 
major fault structures intersected by these underground 
workings. Figure 2.5 shows a typical north-south section of 
the Northern Belle mine area looking west. In all, 19 
underground levels have been identified which have 
originated from the old Northern Belle shaft located in the 
Pickhadle Gulch. Figure 2.5 shows some of these drift 
levels where intersected by the section. Though 
distribution of drifts and adits are fairly well known, the 
distribution and size of stopes excavated into mineralized 
fissures is not well known.
To reduce haulage of waste ore out of the hillside, cut 
and fill mining of stopes was employed by early miners, 
waste rock from excavation of stopes up-dip along structure 
was dumped into open stopes down-dip. Backfill within
U n d e r g r o u n d  W o r k i n g s
Figure 2.4. Plan Map of Underground Workings in the Northern Belle Pit 
Area.
r\3
Figure 2.5. Typical North-South Section Through Hillside in the Northern 
Belle Pit Area.
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stopes has been supported by timber cribbing where stopes 
intersect drifts at the next level below. Later mining 
efforts retrieved and processed some portion of stope 
backfill material.
Figures 2.6 and 2.7 show size and condition of drifts 
and backfilled stopes of uncondemned underground workings 
adjacent to the NERCO property. Drifts were roughly 2 
meters by 2.5 meters in cross section, while the dimensions 
of stopes were variable. Observed stope dimensions, 
however, were some 45 meters along strike, 2 meters in 
width, and 18 to 25 meters up dip along structure. Most 
stopes were backfilled sporadically both along strike and 
dip of the mineralized structure.
2.6 PROPOSED NORTHERN BELLE PIT DEVELOPMENT
The proposed Northern Belle pit will remove the ore 
host rock material worked by previous underground efforts. 
The ultimate design pit depth is 366 meters with overall 
slope angles of roughly 51°. Slope benches are designed for 
9 to 12 meters in width, 24 meters in height with bench 
faces inclined at 70<>. Benches serve as catchment 
structures for small rockfalls or slope failures above the 
bench, as well as accessways for mine equipment.
The deepest portions of the pit will be some 107 
meters southwest of the abandoned Northern Belle shaft. The 
final slope configuration for the south wall of the pit 
roughly coincides with orientation of the footwall of the
-
Figure 2.6. Condition o f  D r i f t s  in Uncondemned Workings 
Adjacent to the Northern Belle  P i t  Area.
(V)
Figure 2.7. Condition o f  Stopes in Uncondemned Workings Adjacent 
to the Northern Be l le  P i t  Area.
!\)
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ore body in this area.
Figures 2.8a,b and 2.9 show the as-built and end-of pit 
slope configurations for the Northern Belle pit, 
respectively. Figure 2.10 and 2.11 show selected cross 
sections through the pit. These figures depict abandoned 
underground workings, major fault zones striking within 25° 
of the design pit slope orientation, and major rock units. 
Figure 2.10 shows the original ground surface, as-built 
slope and final slope configurations. Figure 2.11 depicts 
sequential pit slope configurations during pit excavation 
into presently unmined areas.
2.7 PRESENT AS-BUILT SLOPE CONDITIONS
Figure 2.10 shows the as-built slope configuration of 
the Northern Belle pit as of November 1988. The maximum 
slope height is approximately 128 meters at an overall slope 
angle of roughly 480. The exposed slope is composed almost 
entirely of Candelaria argillites capped by blocky basaltic 
rock at the top of the slope. The slope face is obliquely 
intersected by the Yankee and Sutherland faults. Stoping 
along the mineralized Sutherland fault zone has resulted in 
ravelling and instability in this area of the slope face 
(Figure 2.12). Isolated rock falls from exposed block- 
jointed basalts were evident at the time of field 
investigation. Tension cracks near bench crests within the 
Candelaria argillites were noted in isolated portions of the 
slope. Their development was monitored on successive visits
27
Figure 2.8a. As-Bu i l t  Northern Be l le  P i t  Configuration 
(November 19 88 ). Location o f  In -S itu  
Young’ s Modulus Tests Shown on 6 l i0  Bench.
Figure 2.8b. South Wall o f  the As-Built  Northern Bel le  P i t  (November 
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Exposed Backfilled Slope Along Sutherland Fault
Figure 2.12. Exposure o f  Back f i l led  Stope Along the Sutherland Fault 
Results in Ravel l ing and Localized In s t a b i l i t y  o f  Slope.
o
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to the site (Figure 2.13).
Numerous drift openings have been exposed in the slope 
face (Figure 2.14). Collapse of rock materials into these 
openings is primarily a result of blasting practices. 
Though surface observations have suggested isolated bench 
instability and ravelling of fault zone structures due to 
the presence of abandoned underground workings, no gross 
instability has been noted within the as-built south wall 
slope of the Northern Belle pit.
Tension Crack Development, Below 6110 Bench
Figure 2.13. Tension Crack Development at Face o f  Slope Bench, South 
Wall, Northern Bel le  P i t .
rv>







3.1.1 SITE SELECTION AND PROCEDURES
Field testing of in-situ rock material parameters, as 
well a sampling of representative rock matrix, rock joints, 
and fault gouge material for laboratory testing, was 
conducted in March 1989. Testing locations within the pit 
wall was largely a function of rock unit exposure, access, 
and mine operations. Testing for in-situ Young’s modulus of 
deformation, E, of the rock mass was performed on the 6110 
bench of the Northern Belle pit south wall, roughly half-way 
up the existing slope face (Figure 2.8a). Testing sites 
within the bench were all within argillites of the 
Candelaria rock unit.
Surface rock exposures for testing were selected based 
on accessibility and representation of the in-situ rock 
mass. Two locations were selected for testing. Testing at 
the west end of the bench was conducted within a relatively 
strong, silicified region of the Candelaria argillite. 
Relatively fractured and weak portions of the Candelaria 
formation were tested at the eastern end of the slope bench.
The Young's modulus of deformation, E, is a measure of
the resistance of the rock mass to elastic deformation. It
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is represented graphically as the slope of the strain vs. 
stress curve within the elastic range. This modulus value 
is important in slope stability evaluations based on stress- 
strain relationships. Determination of in-situ E was 
accomplished by way of the Goodman borehole jack.
Preparation for jack testing required the coring of a 
NX-size (7.62cm dia.) borehole some 60cm into the rock 
material to be tested. Boreholes were advanced by a 2.4kW 
portable coring machine (Figure 3.1). Rock cores retrieved 
from the drilling operation were often broken and fractured 
along both pre-existing planes of weakness and drilling 
induced fractures. At the conclusion of drilling, the 
borehole was cleared of water and debris in preparation for 
jack testing.
3.1.2 GOODMAN BOREHOLE JACK
The Goodman hard rock hydraulic jack is a cylindrical 
jacking device used to measure borehole deformabi1ity within 
a rockmass (Figure 3.2). The instrument was developed in 
the late 1960's by Goodman et al. and consists of two 
moveable, convex bearing plates 20.3cm in length which are 
used to provide a unidirectional force against the borehole 
wall (Figure 3.3). The bearing plates move in response to 
12 hydraulic pistons pressurized by a hydraulic hand pump 
connected to the jack outside the borehole. The maximum 
available gauge pressure is 6.9el07 Pa. Borehole 
displacements in response to jack pressures are shown in
f
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Figure 3.4. Displacements of' Rock Under 10,000psi (68.95MP3-) load 'by- 
Goodman Borehole Jack (after Goodman et al., 1 9 6 8).
bO
Figure 3.4 by Goodman et al. (1972).
Displacements of jack plates is given by two linear 
variable differential transformer (LVDT) transducers located 
at either end of the jack. Plate deflections are recorded 
for each increase in gauge pressure for both "near and "far" 
LVDT's. The total displacement of the jack plates is a 
maximum 1.27cm.
During field testing, the Goodman jack was inserted 
into drilled boreholes as shown in Figure 3.5, and hooked to 
appropriate pressure pumps and displacement gauges. Tests 
were recorded in orthogonal directions for each borehole to 
assess any anisotropic deformation characteristics of the 
rock mass. The jacking tests were performed by applying 
incremental plate pressures to the borehole wall and 
recording LVDT readings for each change in pressure. Pump 
pressures were increased to 80% of the maximum gauge 
pressure in strong material, and to the point of plastic 
failure in weaker portions of the rock mass.
3.1.3. DETERMINATION OF ELASTIC MODULUS FOR ROCK MASS
The value of Young's modulus as estimated from the rock 
mass is computed as the tangent modulus to the linear 
portion of the applied hydraulic line pressure (Q*) vs. 
borehole displacement (U^) curve. From Goodman et al. 
(1972) the following relationship maybe used to determine E 
of the rock mass for an NX-size borehole where the actual 
plate pressure, Q, is 93% of the applied hydraulic line
Figure 3.5- Operational Set-Up fo r  Goodman Borehole Jack Test.
pressure, Q*»:
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E = 0.061K (v) Q*,/ U<a (Eqn. 3.1)
where, E = Young's deformation modulus for rock mass (Pa)
Qh = change in hydraulic line pressure (Pa)
Ud = mean jack plate displacement (m)
K(v) = jack constant dependent on the Poisson's ratio 
of rock material being tested (Table 3.1)
Table 3.1
Values of K(v) for NX-size Borehole Jack (Goodman et al.)
V 0 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50
K(v) 1.38 1.29 1.29 1.28 1.27 1.25 1.23 1.20 1.17 1.13 1.09
Goodman jack test results for the Candelaria formation 
can be found in Appendix A, Figures A-l through A-3. Test 
results most likely have been affected by local
mineralization and blasting practices at the slope face. 
Values are likely to increase into the rock mass as 
confining pressures increase. Test results do reflect a 
range of modulus values that can be used as slope
deformation model input to test for model sensitivity to 
drastic changes in deformation modulus values.
The Young's modulus values and the more easily 
estimated Poisson's ratio value, v, for the rock mass can
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also be used to estimate values for static shear and bulk 
modulus values, G and K respectively. These values may be 
approximated for the rock mass within the elastic range of 
deformation by the following relationships:
G = E/2(1+v) (Eqn. 3.2)
K = E/3(1-2(v)) (Eqn. 3.3)
Since the development of the Goodman jack, 
modifications of values of E as calculated by jack results 
have been introduced. Hueze (1977) has produced calibration 
curves for E=.x<= vs. E.etu.i based on the stiffness ratio 
EiDcn/Eitaai (Figure 3.6). Hueze's relationship suggests 
that jack modulus values exponentially underestimate actual 
rock mass modulus values as E increases.
Hustrilid (1976) introduced constants based on 
pressure range, Poisson's ratio of the rock mass, and jack 
construction to relate Goodman jack values in-situ to 
laboratory values of E for the rock mass. It was found by 
empirical relationships that Goodman jack results 
underestimated E for intact rock by a factor of 2.53 to 5.20 
compared to laboratory values.
3.2 LABORATORY TESTING
Laboratory tests were performed on representative 
intact rock, rock joint, and fault gouge material from the 
Northern Belle pit area. Laboratory results from previous


studies of geomechanical rock and fault gouge properties of 
the Candelaria mine area from Watters (1986) were verified 
and included in slope stability assessment in this 
investigation where necessary.
Material properties necessary for slope stability 
analysis by limit equilibrium and/or numerical methods 
include shear strength properties of rock joints, intact 
rock, fault gouge, and stope backfill material, as well as 
bulk density, E, and Poisson's ratio, v, of rock mass units, 
fault zones, and broken rock fill material.
3.2.1 TRIAXIAL AND UNIAXIAL TESTING OF INTACT ROCK
Strength properties of intact Candelaria argillites 
were determined through triaxial cell (Hoek cell) testing 
and uniaxial compression testing of prepared cores. Mohr- 
Coulomb strength envelopes for intact rock were determined 
by triaxial compressive failure of successive core samples 
at increasing confining pressures within a Hoek pressure 
cell following ASTM procedure D2664-86. Unconfined 
compressive strength, as well as Young's modulus, were 
determined by way of a uniaxial compression to failure test 
of a prepared core using a MTS test frame system per ASTM 
procedure D3148-86. Graphical plots of uniaxial compression 
and triaxial test results are presented in Appendix A, 
Figures A-4 and A-5, respectively. The laboratory value of 
E for the Candelaria argillite , is some 7 to 8 times greater 
than field values for the whole rock mass. This large
laboratory value Is attributed to sample dimensions and 
absence of rock mass defects and was not considered in slope 
models.
3.2.2. DIRECT SHEAR TESTING
Direct shear testing was conducted on rock joint 
surfaces and fault gouge material to determine the shear 
strength of these features. Shear strength is expressed as 
a function of cohesion and angle of internal friction for a 
Mohr-Coulomb strength envelope.
The Q, or Quick, shear test procedure was performed on 
representative fault zone material using the SOILTEST model 
D-120 direct shear apparatus. Fault gouge material was 
remolded at a moisture content within its plastic range and 
sheared at a low strain rate (0.254cm/min.) to failure under 
successively higher normal loads. Best fit linear plots of 
peak shear strength to normal stress were constructed to 
determine strength envelopes and corresponding values for 
cohesion and friction (Figures A-6a,b,c). Samples tested 
were representative of mechanical breakdown of rock material 
within recent normal fault structures. Strength values of 
fault zones affected by hydrothermal alteration are 
significantly lower as determined by Watters (1986).
Direct shear testing of joint samples to estimate shear 
strength for the major geomechanical units within the 
Northern Belle pit area was conducted by Watters (1986). 
Results of direct shear tests of joint samples taken within
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the Candelaria formation were in close agreement with mean 
strength parameters determined in this investigation (Figure 
A-7) .
3.3 MATERIAL PROPERTIES USED IN SLOPE MODELS
Tables 3.2 and 3.3 summarize geomechanical material 
properties utilized in slope models for rock mass units, 
fault zones, and rockfill material encountered in the 
Northern Belle pit area. Large uncertainties exist with 
regard to values of intact/joint cohesion and Young's 
modulus for the rock mass. The range in possible values for 
these parameters is much more difficult to assess compared 
to the range of possible friction and Poisson's ratio 
values. Back analysis of a failure that has occurred within 
the rock mass of interest is the most satisfactory method of 
determining shear strength parameters; however, only 
limited, fault-controlled bench failures have occurred over 
the Candelaria mine site to date which are not wholly 
representative of the rock mass in question.
Table 3.2 presents combinations of upper and lower- 
bound cohesion and modulus values for the Candelaria 
formation to be used in slope models. Lower-bound modulus 
and cohesion values were used to characterize the Pickhandle 
and Palmetto formations. The range in rock mass E values 
were determined by field test results. Upper-bound and 
lower-bound joint cohesion values were represented by mean 
cohesion values and cohesion values for a 95% confidence
TABLE 3 .2
Rock Mass Material Properties llsad in Pit Slope Modals 
Rock Mass Unit Property Variations*
Prooertv L-CND H-CND h i-c n d H2dCNB PCK E&L
E (Pa) 5.147e8 4.906e9 4.906e9 5.147e8 5.147e8 5.147eB
Poi sson•s 




2355 2355 2355 2355 2355
Intact
Cohesion(Pa) 4.592e6 1.379e7 4.592e6 1.379e7 2.39e6 2.39e6
Intact
Friction(deg) 36 36 36 36 32 32
Joint
Cohesion(Pa) 2.296e5 3.06e5 2.296e5 3.06e5 1.99e5 1.24e5
Joint
Friction(deg) 26 26 26 26 19 33
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level, respectively, as determined by Watters (1986). 
Upper-bound intact rock cohesion was based on triaxial cell 
test results. Lower-bound values were based on 1/3 of this 
laboratory cohesion value. Bulk density values are based 
on information provided by the mine operators. Assumed 
values for Poisson’s ratio were used for all rock mass 
units.
Table 3.3 provides material property values for stope 
rockfill material and significant fault structures in slope 
models. Material property values for the broken rock 
backfill material were estimated from published laboratory 
data from triaxial tests on crushed rock material 
(Marsal,1967 and Boughton,1970). Shear strength parameters 
for fault zone material were based on mean direct shear test 
results from this investigation and from Watters (1986). 
Estimated modulus and bulk density values were used to 
represent fault zone materials.
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CHAPTER IV
NORTHERN BELLE PIT SLOPE MODELS
4.1 NUMERICAL SLOPE MODELS
With the advent of the digital computer, numerical 
methods using systems of equations to describe stress-strain 
relationships of a model system have been widely used in the 
engineering field. Finite element and finite difference 
methods in geotechnical engineering are particularly useful 
in discontinuous rock masses where stress distributions and 
displacements in the vicinity of engineered structures need 
to be studied for stability assessment. These methods are 
used in lieu of limiting equilibrium procedures which are 
utilized where geometries are simple, strength properties 
are largely isotropic, and deformations and intermediate 
stress states are of little interest (Goodman, 1976).
Both the finite element and finite difference methods 
utilize a discretized continuum model represented by a set 
of generalized coordinates and zones, or elements, to which 
rock mass material properties are assigned (Figure 4.1). 
The finite element approach, however, is usually viewed as a 
minimization of a potential energy function (dit* = 0) for a 
condition of equilibrium without reference to differential 
equations (Cook, 1974), whereas the finite difference 
approach approximates the governing differential equations 
of a system by the ratio of changes of the variable of
JOB TITLE :Tunnel in Isotropic Rock Hass 




Figure 4.1, Discretized Finite 
Difference Grid Model of a 




interest over a small, but finite increment (flu/flx « u/ x). 
A case study examining the formulation and performance of 
both methods in greater detail for a square opening in a 
highly jointed rock mass is presented in Appendix B.
4.1.1 FUNCTION OF UBIQUITOUS JOINT CONTINUUM MODEL
The behavior of jointed rock systems has been modeled 
using both discrete block discontinuum methods (Goodman et 
al., 1968 and Cundall, 1976) in which discontinuities are 
represented explicitly as independent elements separating 
intact block elements, and continuum models which utilize 
implicitly-defined joints within each element or zone 
representing a continuous rock mass system. The latter 
method is considered more appropriate for highly jointed 
rock masses, where mesh discretization for a discontinuum 
model is often difficult and impractical.
The explicit, or timestepping, finite difference 
computer code FLAC (Fast Lagrangian Analysis of Continua) 
uses the notion of ubiquitous joints embedded in a Mohr- 
Coulomb plasticity model. The Lagrange code of FLAC 
essentially determines the location of model gridpoint 
coordinates as a function of each timestep calculation 
during plastic deformation of the model. Plasticity models 
for both intact rock and joint surfaces are governed by 
elastic-perfectly plastic behavior (Figure 4.2) in plane 
strain, obeying the Mohr-Coulomb yield criterion (Figures 
4.3 and 4.4). Figures 4.3 and 4.4 indicate that joint
5^
Figure ^.2. Stress-Strain Curve of Elastic-Perfectly 
Plastic Behavior Governing Mohr-Coulomb 
Plasticity Model in FLAC.
Shea r  S t r e s s ^ )
Joint Factor of Safety = BC
I f  J F S  >  1, Then N o  S l i p  A c r o s s  Jo in t  
If N o r m a l  S t r e s s  =  0, T h e n  J o i n t  I s  O p e n i n g
Figure 4.3. Mohr-Coulomb Yield Criterion for Ubiquitous Joints.
S h e a r  S t r e s s ( T )
If W F S  <  1, T h e n  R o c k  F r a c t u r e s
Figure 4.4. Mohr-Coulomb Yield Criterion for Intact Rock
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surfaces as well as Intact rock material may behave 
elastically or plastically, based exclusively on the state 
of stress. This anisotropic form of the plasticity model is 
well-suited to the strong, directional influence of the 
joint fabric observed within the Northern Belle pit.
For each time-step calculation in this finite 
difference analysis, the ubiquitous joint model rotates the 
stress state into alignment with the selected joint 
orientation. The Mohr-Coulomb constitutive relationship is 
checked for yield on this plane and within the intact rock 
matrix based on the stress state for each zone in the model. 
If yield has occurred, corrections to stresses are applied 
through the constitutive model to conform to the yield 
surface. In this way yield within the continuum model may 
be controlled by joint or bedding structure.
Problems with the ubiquitous joint model may be more 
forthcoming where the behavior of distinct, widely-spaced 
fracture planes must be assessed. With the ubiquitous joint 
model the following drawbacks can be noted with regard to 
discrete joint assessment: (1) joints cannot be explicitly 
defined within the model; (2) Only one set of joints or 
bedding planes may be modeled; (3) failure is controlled by 
stress state alone, with no recognition of the relation of 
failure to displacement along joint surfaces; and (4) 
stiffnesses are not assigned to joint interfaces, so that no 
"load sharing” exists between the joint and intact rock 
(Itasca2, 1989). This last point implies that for the
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ubiquitous joint model, slip is allowed only on planes of 
weakness, where the material model behaves with the rock 
matrix in compression and the joint surface in shear.
The rock mass conditions of the Northern Belle pit 
slopes were modeled in this investigation utilizing the 
ubiquitous joint model implemented in the FLAC code. 
Abandoned underground workings, critical fault zones, slope 
geometries, and sequential excavation of the south wall of 
the pit were modeled explicitly within the finite difference 
grid mesh to a reasonable scale. Unidirectional joint 
orientations and variable geomechanical properties 
encountered within the south wall slopes ere assigned to 
each grid zone of the model. The amount of flexibility 
allowed for the FLAC code with regard to grid mesh design 
and the use of anisotropic plasticity models enabled a more 
realistic representation of the rock mass conditions into 
which the pit slopes are to be excavated.
4.1.2 DESCRIPTION OF THE EXPLICIT FINITE DIFFERENCE CODE
FLAC, developed by Itasca Consulting Group, is a 
geomechanics computer model which utilizes the explicit 
finite difference method to approximate exact solutions to 
the governing differential equations of motion. The method 
involves dividing the slope or the region around an opening 
to be modeled into a mesh of two-dimensional, variable 
strain quadrilateral zones which are interconnected at 
gridpoints. FLAC allows flexibility for irregular mesh
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design, variation of material parameters, and variation of 
boundary and initial conditions.
The finite difference equations used to approximate the 
governing differential equations of motion are solved at 
each gridpoint in a time-stepping fashion. This explicit 
method allows the user to observe the state of stress and 
deformation for each grid zone at any time-step as the 
system moves toward a state of static equilibrium. The 
time-step interval is controlled within the computer code by 
the speed of sound through the mass being modeled (Itasca3-, 
1989) .
Implicit finite element and finite difference methods, 
on the other hand, generally solve for unknown gridpoint or 
nodal values all at one time. This procedure involves the 
solution of a set of simultaneous equations relating unknown 
to known values for each gridpoint where solutions toward a 
static equilibrium condition requires step-iteration 
procedures. Storing and solving a system of equations for a 
particularly complex grid mesh often results in extreme 
computer memory requirements. Large matrices representing 
the system of equations necessary in implicit methods are 
never formed in FLAC.
The governing differential equation for FLAC is the 
motion equation (Newton’s Second Law), dv/<Jt = F/m (i.e.
F = ma), where v = gridpoint velocity, t = time, F = 
unbalanced gridpoint force, m = mass lumped at gridpoint 
from surrounding grid zones. The acceleration of the mass
6 o
lumped at a gridpoint generates the unbalanced force at said 
gridpoint which, in turn, generates accelerations and 
unbalanced forces at neighboring gridpoints. This condition 
propagates throughout the model grid mesh with each 
timestep. The point and magnitude of unbalanced force 
generation is dependent on initial conditions and boundary 
conditions of the model.
For each time-step, the accelerations generated from 
unbalanced forces, F, are integrated once to determine the 
velocities, and twice to determine displacements in the x 
and y directions for each gridpoint. Averaged strain 
increments for each grid zone are then determined by the 
velocity gradients between gridpoints of each zone. The 
averaged strain increment for each grid zone is then used in 
the chosen constitutive stress-strain law to determine the 
corresponding average stress increment for that zone. The 
new accelerations and unbalanced forces generated at each 
gridpoint in response to the change in stress are then 
calculated for the next time-step. Gridpoint coordinate 
locations are updated based on new velocity and 
displacements vectors for each gridpoint. Figures 4.5 and 
4.6 summarize the finite difference formulation and basic 
calculation cycle of the FLAC program.
The static equilibrium condition of a model simulation 
using FLAC is accomplished by damping the response of the 
system to the governing dynamic equations of the computer 
code. The final static solution to a dynamic problem can be
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BASIC FORMULATION OF THE F IN IT E  DIFFERENCE NUMERICAL MODEL 
G overn !no  E q u a tio n
Motion of a mass subjected to a time—varying force, F*s
Sv/St ■ F/m Ci.e., F=ma)
•Forces for each gridpoint at each timestep are based on 
the acceleration of the mass lumped at said gridpoint. This 
force will vary through time and 2—D space and is therefore 
referred to as an “unbalanced force”. The change in 
magnitude of this unbalanced force with each timestep will 
determine the condition of equilibrium of the finite 
difference grid model.
C e n tra l  F i n i t e  D if fe re n c e  A pp ro x im atio n
The governing differential equation is approximated by the 
following central finite difference equation where velocities 
are stored at each 1/2-timestep:
Approximation of Governing Differential Equation; 
iv/4t ■ V « «  *  — V < «  — 4%/2 )/^t
Velocity of Gridpoint at the 1/2—timestep:
v<» — 4«/2 > ■ v«« — + CFc« >/m3At
Displacement of Gridpoint for Each timestep;
U«» » A*> ■ Uc«> + V«* . »«/2>^t
Strain Increment Tensor for Each timestep;
■  0 . 5 C  i V i / * x j  >  S v j / S X i .  3Afc
where,
^•ij = strain increment tensor at gridpoint
i»J—1,2
Vi = i component of the velocity from i = 1,2 
xt 3 i component of the coordinate from i=l,2 
At = single timestep
Figure Formulation of FLAC Finite Difference
Approximation to Governing Dynamic 
Equation.
6 2
CALCULATION CYCLE OF THE FINITE DIFFERENCE NUMERICAL MODEL 
At Each Timestept
Governing Equation: £v/£t * F/m (Law of Motion)
For Each Qridooint
* Determine unbalanced forces at gridpoint from calculated 
cone stresses
* Determine gridpoint velocity components from unbalanced 
forces
* Determine gridpoint displacements by integrating velocities
for. Sash Zqp*
* Determine strain increments from gridpoint velocities
* From strain increments, calculate corresponding stress 
increments from material constitutive law (Mohr-Coulomb 
plasticity)
Figure 4-.6. FLAC Calculation Cycle for Each 
Time-step.
illustrated by the damping of vibrations of a mass on a
spring, where the spring-dashpot system response is governed
by the following differential equation:
m( <3 *u/6t2) + c(<3u/<3t) + ku = 0 (Eqn. 4.1)
where, m = mass
c = damping constant 
k = spring or system stiffness 
<5u/<3t = mass velocity 
32u/dt2 = mass acceleration
The constant c is automatically determined within FLAC 
to create a slightly overdamped response within the system 
to ensure stable convergence to static solution. The system 
stiffness constant k for each gridpoint is dependent on the 
value of Young's modulus E for the rock material. Figure 
4.7a and b demonstrate the spring-dashpot system and the 
response of a slightly overdamped spring dashpot system 
converging to an equilibrium condition with increasing time.
To minimize the time involved in arriving at a static 
equilibrium solution, the following indicators may be used 
to assess whether adequate convergence to an equilibrium 
condition has been reached (Itasca3-, 1989):
(1) Gridpoint displacements approach some 
constant value.
(2) Out-of-balance forces and velocities 
at each gridpoint approach zero.
(3) Stresses in each zone approach some 
constant value.
The key indicator is generally the magnitude of unbalanced 
forces with each successive time-step in the calculation
63
64-
Figure 4-. 7a. Spring-Mass-Dashpot System Simulating 
the Behavior of the Dynamic FLAC Code 
for a Condition of Static Equilibrium.
Figure 4-.7b. Plot of Mass Displacement with Time for 
a Slightly Overdamped System.
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sequence. Generally for large problems and problems with 
high initial stresses, the maximum unbalanced forces are 
considered sufficiently small for a static solution when 
they have reached 1 kNewton (Itasca1, 1989). Smaller 
problems and simple problems using gravitational stresses 
are considered at static equilibrium when maximum unbalanced 
forces have reached 100 to 200 Newtons. Plotted output of 
maximum unbalanced force vs. timestep is shown in Figure 4.8 
to demonstrate the convergence of a model system to a 
condition of static equilibrium.
4.1.3 INITIAL CONDITIONS AND BOUNDARY CONDITIONS
Initial conditions within the FLAC grid model may be 
assigned for each gridpoint or zone before calculations 
commence. Initial conditions of interest may include 
distribution of in-situ stresses, gravitational loading, 
pore water pressures, and individual gridpoint 
displacements.
Boundary conditions may be assigned to any part of the 
grid model perimeter. Boundaries may be fixed in the x and 
y directions, rollers applied in either the x or y 
directions, or kept free. Directional pressures, stresses, 
and forces may be applied to any part of the outside 
boundary at any time in the explicit finite difference 
calculation sequence. The flexibility of applying boundary 
and initial conditions within the FLAC. code allowed for ease 
in the simulation of excavation and the representation of
JOB TITLE : N. Belle/Sect. A-AV6310-6110 Benches/Large Tine After Excau. 
From File : a-a2i-3.sau
Max. unbal. force
M (*10**+06)
tine step nunber (*10**+01)
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geologic and man-made structures for the Northern Belle pit. 
4.2 LIMIT EQUILIBRIUM MODEL
The stability of natural slopes, cut slopes, and fill 
slopes are commonly assessed by the limit equilibrium 
analysis. Limit equilibrium analyses are used in slope 
design to determine the factor of safety against slope 
failure based on all the significant factors that influence 
the shearing resistance of a soil or rock mass. The factor 
of safety here is defined as the factor by which shear 
strength of the soil or rock material may be reduced in 
order to bring the slope into a state of limiting
equilibrium along a failure surface (Morgenstern and 
Sangrey, 1978).
A number of limit equilibrium procedures have been 
introduced to assess the factor of safety for various slope 
conditions and failure surface configurations. Some methods 
are more rigorous than others with respect to satisfying 
conditions for overall force and moment equilibrium. All 
methods, though, share the following principles:
(1) A slip mechanism is postulated. The failure surface is 
controlled by a circular, log spiral, planar, stepped, 
or irregular (non-circular) failure surface dependent 
upon the uniformity of the soil or rock conditions, the 
presence of through-going planes of weakness, and slope 
geometry.
(2) Normal and shear stress distributions along a potential
slip surface are calculated by means of statics to 
assess static equilibrium for the potential sliding 
mass.
(3) The available shear strength of the rock or soil 
material is compared with the mobilized shear stress 
along the sliding surface to assess the average factor 
of safety for the slip surface.
(4) Iterative procedures are utilized to determine the slip 
surface with the lowest factor of safety for a soil or 
rock mass where no identifiable plane of weakness has 
been recognized.
Finite difference or finite element deformation 
analyses differ from limit equilibrium methods in that 
stress-strain relationships are not used in the latter 
method and expected deformations of slope are not
calculated. It is assumed for limit equilibrium methods 
that precise slope deformations, intermediate stress states, 
and progressive failure are not important, and these 
deformations can be controlled by designing for the 
appropriate safety factor (Morgenstern and Sangrey, 1978). 
Above all, limit equilibrium analysis is much simpler and 
more easily accomplished when applied to most slope




4.2.1 PURPOSE OF IMPLEMENTING LIMIT EQUILIBRIUM MODEL
Standard, iterative limit equilibrium procedures were 
implemented in slope stability evaluations of the Northern 
Belle pit south wall. Past slope stability studies of the 
Candelaria mine (Watters, 1986) have implemented simplified 
limiting equilibrium analyses which have assumed a circular 
failure mode through the toe of slopes with no consideration 
of fault zones or abandoned underground workings. The 
intent of the investigation here was to assess the factor of 
safety for slopes using potential non-circular failure paths 
which were not constrained to any entry or exit points at 
the base and top of the slopes. Iterative search procedures 
allowed random propagation of potential failure paths 
throughout heterogeneous slopes to assess the most critical 
failure paths. Failure though identifiable fault zones 
could also be assessed using a sliding block search method.
Non-circular failure surface analysis using random, 
irregular surface generation was performed using the 
computer code STABL5 based on the Janbu simplified method of 
slices. Results from this analysis were used to assess and 
compare failure mode and most critical factor of safety for 
as-built slopes and sequentially excavated slopes against 
finite difference deformation analyses.
4.2.2 JANBU SIMPLIFIED METHOD
Janbu et al.(1956, 1973) published one of the first
methods analyzing non-circular slip surfaces for limit
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equilibrium slope stability analysis. The method involves 
dividing the two-dimensional sliding mass into a series of 
slices and resolving forces along the base of each slice. 
The factor of safety for a case of limiting equilibrium in 
plane strain is determined by the following relationship:
F = s/Ym (Eqn. 4.2)
where, s = shear strength along failure surface
Ym = mobilized shear stress along failure surface 
F = factor of safety
The value s is a function of the Mohr-Coulomb strength 
criterion: s = c + (cr„ - u)tan0 (Eqn. 4.3)
where, c = soil/rock cohesion at base of slice
ct„ = normal stress acting along base of slice 
u = pore water pressure at base of slice 
0 = angle of internal friction of soil or rock 
In the Janbu simplified method the interslice shear 
forces are assumed zero, opposing horizontal forces along 
the sides of each slice are considered equal and opposite, 
and only overall force equilibrium is satisfied. The same 
assumption utilized by Bishop's Simplified Method for 
circular failure surfaces results in identical normal forces 
at the base of each slice (Nash, 1987). Interslice shear 
forces may be implemented in the Janbu method to satisfy
both force and moment equilibrium of the sliding mass by
applying a correction coefficient, f o, to the force
equilibrium safety factor value. The value Of fo,
determined empirically by Janbu et al.(1956), is a function
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o£ material strength properties and failure surface 
geometry. Figure 4.9, taken from Nash (1987), summarizes 
the forces acting on a typical Janbu slice within a non-
circular sliding mass. Forces are resolved horizontally and 
vertically about the base of the slice and result in the 
following relation for force equilibrium factor of safety:
F = E (cl + (W - ul )cosatan<*)seca/EWtana (Eqn. 4.4)
where, F = force equilibrium factor of safety 
1 = length of base of slice 
W = weight of slice
a = angle of base of slice to horizontal 
Figure 4.10 shows the Janbu chart for determining the value 
of f0 applied to the force equilibrium factor of safety 
value to account for interslice forces in the Janbu 
simplified. Since the consideration of interslice forces by 
utilizing the Janbu coefficient will always result in a 
greater factor of safety, the use of this factor is 
generally not implemented for conservative slope 
evaluations. This method is easily performed by hand, yet 
is amenable to computer applications where many surfaces can 
be examined for a critical factor of safety value.
4.2.3 LIMIT EQUILIBRIUM COMPUTER CODE
Critical failure surfaces within the Northern Belle 
south wall slope were examined using the random, irregular
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JANBU'S SIMPLIFIED METHOO
Failure is assumed to occur by sliding of a block of soil on a non-circular slip surface. By examining 
overall force equilibrium an expression for factor of safety is obtained. It is assumed that the interslice 
shear forces are zero, but a correction factor is introduced to allow for them.
For slice shown: at base -  total normal stress a. shear stress r, pore pressure u.
Failure criterion: s « e '  +  (o -u ) tan <b'
Mobilized shear strength r » s / F  where F  is factor of safety.
Now  P =  at T  «  t I so  7  «  ■— Ic 'l+ lP -u l)  tan« ') (1)
Resolve vertically: P c o s a - Tsina * W - I X m - X ^
Assume X L« X «»0 li.e. interstice forces horizontal)
Rearranging and substituting for T gives
pm f W -  — (e '/s in a -u / tano'sino)]/m. (2)
tano’
where m,  *  cosal 1 * tana ——  )
Resoive parallel to Base of slice: 7- ( £ * - £ . )  co sa »  ( t V - ( X « -X J  )sina 
again assume X L» X « » 0: rearrange, and substitute for 7
so £ « - £ . «  IVtana -  — lc7->-|£-u/)tano'! seca (3)
Overall FORCE equilibrium:
In the absence bf surface loading C  (£« -£ ,.)  =  0 (4!
so r i f a - e j - C V V t a n a -  — 2 (c 7 +  (£ - u/ltanqi')seca = 0 (5)
_ 2 (c7+ (P-u/)tan«T) seca
whence F0 =* -------------------------------------------------  (6)
2  Wtana
To take account of the interslice shear forces. Janbu era/, applied a correction factor f„ (see Figure 
2.241
where F, * £„ (7)
Note In their onginal formulation. Janbu er a/, eliminated P and obtained the expression
2  (c 'b -M W -uO ltano 'l/n ,F m -------------
Z Wtano
in which n, » cosa.m„
Both these expressions are equivalent to the expression for F, (Figure 2.20 equation (9) I obtained by Fredlund 
and Krahn bv resolving verticaHy and honzontaUy for each slica.
Figure 4.9. Formulation of the Janbu Simplified 
Method of Slices (from Anderson and 
Richards, 1 9 8 7 ) .
